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Summary 
 
A module and an inoculation technique were developed that would allow for the efficient 
immobilization of Microcystis aeruginosa PCC7806 on a synthetic membrane. A variety 
of module types, membranes (ceramic, tubular polyethersulfone and externally skinless 
polyethersulfone capillary membrane), and methods of immobilization (adsorption, 
pressure filtration and a developed technique that involved drying a cell slurry on a 
membrane) were assessed.  
 
The morphological properties that affected the immobilization of Microcystis aeruginosa 
PCC7806, as well as the effects of immobilization upon cell morphology were assessed. 
Cells in the stationary growth phase, which had a well-developed extra-cellular 
polysaccharide layer and no gas vesicles, were optimal for immobilization.  
 
Microcystin production under immobilized conditions was assessed under different nitrate 
concentrations, light intensities, biofilm thickness and immobilization times. Additional 
work included assaying for Microcystin production of two airlift-grown cultures under a 
high light intensity and complete nutrient deprivation and the inoculation of a ceramic 
membrane. 
 
An immunological technique was used to elucidate where toxin production was greatest 
within a biofilm immobilized upon an externally skinless polyethersulfone capillary 
membrane. 
 
The externally skinless polyethersulfone capillary membrane was evaluated to assess 
homogeneity and the physical differences between membrane batches that led to the 
erratic, incomplete biofilm formation, as a biofilm of a constant thickness could not be 
immobilized. 
 
Microcystis aeruginosa PCC7806 was exposed to a variety of solvents in order to 
permeabilize the cyanobacteria, as that would have enabled a truly continuous extraction 
process for the metabolite. FDA hydrolysis had to be optimized in order to use it as an 
indicator of cell viability. In addition a single-step extraction of Microcystin was 
attempted using live bacteria. 
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A capillary membrane module, containing the externally skinless polyethersulfone 
capillary membrane, inoculated using pressure filtration, was the most efficient 
combination to establish a biofilm. Cells that were no longer actively dividing and that 
lacked buoyancy displayed superior immobilization to cells that were actively dividing 
and buoyant. The immobilized cells did produce Microcystin but in much lower 
concentrations to cells grown in an airlift culture. Biofilms grown with a higher nitrate 
concentration, a lower biofilm thickness and a lower light intensity had a higher specific 
microcystin content, while biofilms with a higher nitrate concentration a lower light 
intensity and a longer growth period displayed the a greater toxin production per mm2 of 
membrane. Microcystin occurred at its highest concentration in cells just above the pore 
opening. The diffusion of nutrients occurred relatively quickly to the outside layers of the 
biofilm, with a true gradient being established laterally from these nutrient veins that were 
above the pores. Permeabilization of the cells proved unsuccessful, as cells that remained 
viable did not release the intracellular compound into the surrounding medium. 
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Chapter 1 
Literature review 
 
1.1 Introduction to the cyanobacteria 
Natural toxins (poisons of plant, animal, fungal and bacterial origin) can affect a large 
number of humans or animals at a given time via contaminated food or drinking water. Algae 
and aquatic bacteria are two groups of microorganisms that include toxin-producing species 
and can detrimentally affect human and animal health. A particular group of bacteria known 
as the cyanobacteria (or incorrectly referred to blue-green algae) contain several toxin-
producing strains (Skulberg et al., 1984). 
 
The cyanobacteria are a class of pigmented prokaryotes containing about 150 genera and 
about 2000 species. They are the most diverse and widespread of the phototrophic 
prokaryotes. They differ in morphology, structure, and in their mode of response to 
environmental stimuli. Morphological differences include cell width, length, shape and 
production of heterocysts and akinetes, and their position in the trichomes. Cell constituents 
can include structures such as glycogen granules, lipid globules, cyanophycin granules, 
polyphosphate bodies as well as gas vesicles (which give the strongly refractive appearance 
to the cells of some of the planktonic cyanophyceans under the light microscope). The 
cyanobacteria have a photosynthetic apparatus similar in structure to the eukaryotic 
chloroplast, and are relatively larger than the average eubacteria, which led early taxonomists 
to classify them as algae (Falconer, 1993). 
 
Cyanobacteria produce a large number of compounds with varying degrees of bioreactivity, 
including: micropeptins, cyanopeptolins, oscillapeptin, microviridin and aeruginosans, but 
only certain of the genera are known to produce toxic secondary metabolites. The toxins are 
divided into three basic groups, which are hepatotoxins, neurotoxins and lipopolysaccharide 
endotoxins. The hepatotoxins are microcystin and nodularin, while the neurotoxins include 
anatoxins and saxitoxins. 
 
Microcystis aeruginosa belongs to the Chroococales order, has a general form of unicellular 
rods or cocci and forms non-filamentous aggregates. M. aeruginosa reproduces by binary 
fission or budding and does not form heterocysts. The Chroococales have a %G+C of 40-49 
and are almost always non-motile, other than vertical movement enabled by gas vesicles 
(Prescott et al., 1996). Bloom formation is common with Microcystis aeruginosa. It has been 
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implicated in human health problems and has often been associated with the poisoning of 
animals throughout the world, including South Africa, Canada, USA, USSR, Australia, India, 
Argentina and Japan. The toxic strains of the species produce one or more low molecular 
weight toxins, which have been designated as fast death factors and are shown to be a 
pentapeptide (known as nodularin) or a heptapeptide (microcystin) compound. (Frazier et al., 
1998; Falconer, 1993; Rae, 1999 and van der Westhuizen and Eloff, 1985).  
 
Some of the confirmed toxin-producing species are shown below in Table1.1. Some genera 
are capable of producing more than one type of toxin simultaneously and, as a precautionary 
measure, a cyanobacterial species should be treated as toxic until the relevant toxicity tests 
are done to verify its safety. 
Table 1.1: Confirmed cyanobacterial strains which are toxin-producing (modified from Rae et al., 1999). 
Microcystis aeruginosa  
Microcystis viridis 
Microcystis wesenbergii 
Nodularia spumigena  
Nostoc rivulare 
Oscillatoria actissima   
Oscillatoria agardhii/rubescens  
Oscillatorianigro-viridis  
Anabaena circinalis 
Anabaena flos-aquae 
Anabaena spiroides var. contracta 
Anabaenavariabilis  
Aphanizomenon flos-aquae  
Oscillatoria agardhii  
Cylidrospermopsis raciborskii  
Lyngbya wollei 
 
On 2 May 1878 George Francis of Adelaide, Australia, published the first scholarly 
description of the potentially lethal effects produced by cyanobacteria, where a thick scum 
had rendered drinking water unwholesome for consumption by cattle and other animals 
(Carmichael, 1994).  The ingestion of the contaminated water as well as water containing 
quantities of the toxic cyanobacteria can be harmful to the consumer. The toxins are 
contained within the living cells and are not released into the water until senescence or cell 
death. Pre-chlorinating during water treatment, or dosing a water supply with copper, results 
in toxin release from the dead cells, which cannot be removed by normal methods of filtration 
(Falconer, 1993). 
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An extensive study performed in Australia found a distinct increase in the effects of vomiting 
or diarrhea, cold and flu symptoms, mouth ulcers, eye irritation, ear irritation, skin rash and 
fever with exposure to higher concentrations of cyanobacteria. The survey found the current 
safety threshold for exposure of 20000 cells/ml too high, as participants exposed to cell 
concentrations as low as 5000 cells/ml displayed a significant occurrence of deleterious 
symptoms. Although assays of intra- or extracellular toxin were not performed, the negative 
effects of human contact with bacterial blooms were evident (Pilotto et al., 1997). In an 
extensive bloom of Anabaena in the Darling River in Australia, which covered some 1000km 
of the river, the initial livestock deaths were from neurotoxicity. Within four weeks of 
observation the predominant toxic effect was liver damage, caused by the same 
cyanobacterial species (Falconer, 1993). 
 
At the present time cyanobacterial blooms are a continual problem to some water supplies, 
recreational lakes and estuaries. Besides the potential toxicity, blooms also cause drinking 
and recreational water to smell and taste unpleasant. As a provisional guideline in Australia 
an upper limit of 1mg toxin per liter is recommended for safe consumption of drinking water, 
and numbers of cyanobacteria are not to exceed 5000cells/ml (Falconer, 1993). 
 
1.2 Toxic compounds produced by the cyanobacteria 
1.2.1 The Hepatotoxins 
This is the largest group of the cyanobacterial toxins, currently consisting of 89 microcystins 
and nodularin (WS1). The structure of the most common variant (microcystin LR) is shown 
in Figure 1.1a. Nodularin is a cyclic pentapeptide (i.e. five amino acid residues joined to form 
a cyclic structure) and its structure is shown in Figure 1.1b. 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: The structure of a) microcystin LR and b) nodularin (Namikoshi and Rinehart, 1996). 
 
Microcystins and nodularin both have the unique amino acid known as the ADDA (3-amino-
9 methoxy-2, 6, 8-trimethyl-10-phenyldeca-4, 6-dienoic acid) moiety, which gives the 
a b 
  
  H 
  H 
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characteristic spectral peak at 238nm. The microcystins are cyclic heptapeptides, with five of 
the amino acids common to all variants and two amino acids that are variable. The five 
common amino acids consist of three D-amino acids and two unusual amino acids (N-methyl 
dehydroalanine and ADDA), while the two variable amino acids in positions 2 and 4 are L-
amino acids (Figure 1). The toxin’s name is derived using abbreviations for the two variable 
amino acids e.g. microcystin LR: L = leucine and R = arginine. Other amino acids that are 
components of microcystins include: A = alanine, Y = tyrosine M = methionine and W = 
tryptamine. There are other minor variants such as Dasp microcystin LR, where a methyl 
group of the aspartamine has been replaced by a hydrogen atom (Gathercole and Thiel, 1987; 
Fastner et al., 1998). Microcystin has two ionizable carboxylic acid groups and one ionizable 
amine group has found to be stable over a pH range of 1-10 (de Maagd et al., 1999). 
 
Although the general structure of microcystins and nodularin is not similar to okadaic acid 
(Figure 1.2), they do bind to the same receptors. Okadaic acid is a potent inhibitor of PP1and 
PP2A and a potent tumour promoter on mouse skin. 
 
Figure 1.2: The structure of okadaic acid (Yoshizawa et al., 1990). 
 
 
Microcystins and nodularin have been implicated in tumor promotion. Eukaryotic protein 
phosphatases 1 and 2A (designated as PP1 and PP2A) are inhibited by these toxins (Ash et 
al., 1995; van der Westhuizen and Eloff, 1985). Reversible protein phosphorylation is the 
major mechanism by which the body controls a variety of biological processes including 
metabolism, cell differentiation and proliferation and gene expression. During protein 
phosphorylation phosphate moieties are transferred from adenosine triphosphate molecules to 
the serine, threonine or tyrosine residues of proteins by protein kinases, and are hydrolyzed 
by protein phosphatases. The phosphorylation state of proteins controls their activity, 
switching them between active and inactive states. Serine-threonine phosphatases are divided 
into two main classes PP1 and PP2 (PP2 further subdivided in PP2A, PP2B and PP2C) based 
on susceptibility to endogenous inhibitors and substrate specificity. Both PP1 and PP2A 
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contain a structurally related catalytic sub-unit that shares 50% amino acid identity. Much of 
the present knowledge of serine-threonine phosphatases has come from studies involving 
their inhibition. Although some of the natural toxins are PP2A selective, there are none that 
are highly selective for PP1 (WS2). 
 
The enzyme inhibition leads to the destruction of the cytoskeletal arrangement and the 
sinusoids (capillaries) of the liver cells. Research performed on protein phosphatase 
inhibition has indicated the nodularin to be more a more potent inhibitor than three 
microcystin variants (microcystin LR, YR and RR), while okadaic acid displays inhibition 
similar to microcystin YR and LR (Yoshizawa et al., 1990). 
 
Epidemiological investigations have found that chronic sub-lethal doses of microcystins and 
nodularin may lead to liver damage as indicated by the increased levels of gammaglutamyl 
transpeptidase (GGT) levels in the blood serum. GGT occurs in the liver cells in higher 
concentrations than the rest if the body and is indicative of liver cell damage when found in 
the blood serum (it is also released with excessive alcohol consumption). Damaged livers can 
recover once the sub-lethal intake of these toxins is terminated (Carmichael, 1994; Skulberg 
et al., 1984). 
 
Some of the symptoms displayed by animals suffering from hepatotoxicosis include necrosis 
of the liver, pallor, violent convulsions, vomiting, diarrhea, weakness, photosensitivity and 
cold extremities. Symptoms displayed by humans include acute hepatitis, fever, pains in the 
muscles and joints, vomiting, skin rashes, diarrhea and eye irritations. Death normally results 
from hypovolemic shock caused by the pooling of the blood in the hepatocytes (Rae et al., 
1999; Gorham, 1964). 
 
In 1996 forty-three patients died in a Brazilian hospital from suspected microcystin LR 
poisoning introduced from the water used in kidney dialysis. The water and filters in the 
dialysis equipment tested positive for microcystin LR (Rae et al., 1999). Lethal dosage values 
reported differ from animal to animal and the results recorded for oral toxicity were generally 
higher than those recorded for intraperitoneal injections. Factors such as age, sex, and amount 
of food in the gut may affect the toxicity, but there is no reliable extrapolation by which these 
lethal dosage concentrations can be applied to humans. A comparison of toxic variability with 
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various microcystins and nodularin is shown in Table 1.2 As yet there is no treatment 
available against hepatotoxin poisoning, but activated charcoal and cholestrymine are 
suspected to provide some relief. Research is being conducted on the use of cyclosporin A, 
rifampin and silymarin to reduce the uptake of the toxin by the liver. 
 
Table 1.2: Intraperitoneal LD50 values based on a mouse or rat (Rae et al., 1999). 
compound LD50 in mg/kg 
nodularin 50 
[D-Asp1]nodularin 75 
[DMAdda3 ]nodularin 150 
microcystin LR 50 
microcystin LA 50 
microcystin YR 70 
[DMAdda5]microcystin LR 90-100 
[6(Z)-Adda5]microcystin LR >1200 
[6(Z)-Adda5]microcystin RR >1200 
[ADMAdda5]microcystin LHarin 60 
microcystin M(O)R 700-800 
 
 
Currently undefined hepatotoxins from Cylindrospermopsis, Aphinizomenon, Gloeotrichia 
and Coelosphaerium are still being studied (Rae et al., 1999). 
 
1.2.2 The Neurotoxins  
The neurotoxins are a fast acting group of alkaloid and polypeptide toxins that block 
neuromuscular transmission mechanism in the body. The toxin reacts rapidly, first paralyzing 
peripheral skeletal muscles and then respiratory muscles, resulting in death due to respiratory 
failure within a few minutes to a few hours (Utkilen and Gjolme, 1992).  
 
Death normally results from cardiac arrest caused by respiratory failure, while acute 
poisoning results in paralysis of the peripheral muscles. Symptoms of neurotoxin poisoning 
include staggering, muscular tremor, gasping and convulsions. There is no treatment 
available; but activated charcoal and administration of saline cathartic are recommended. 
 
So far five neurotoxins have been isolated: anatoxin a, anitoxin a(s), homoanatoxin-a, 
saxitoxin and neosaxitoxin. Saxitoxin and neosaxitoxin are the paralytic shellfish poisons that 
are more commonly associated with marine dinoflagellates (red tides) but have also been 
isolated from freshwater Aphinzomeneon and Anabaena species (Rae et al., 1999). 
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1.2.3 Lipopolysaccharide Endotoxins  
These are the least studied of the three toxin types and are composed of phosphate containing 
fats and sugar molecules that are contained in the outer cell covering. Although considered to 
be non-lethal, they have been linked to gastroenteritis and contact dermatitis. It is not known 
if these toxins are produced in association with the other toxins or if they are always present 
in the cells (Rae et al., 1999). 
 
1.3 Biosynthesis of toxins 
 The presence of D-amino acids in microcystins strongly suggests that toxin production in the 
Microcystis genus is mediated by a non-ribosomal mechanism. Bacitracin, a peptide that is 
structurally similar to toxic peptides produced by Microcystis strains, is synthesized non-
ribosomally in Bacillus strains. Non-ribosomal peptide synthesis is achieved in prokaryotes 
and lower eukaryotes, by the thiotemplate function of large, modular enzyme complexes that 
are collectively known as peptide synthetases. The actual peptide synthetase module consists 
of five domains: The adenylation domain, thiolation domain, modification domains such as 
the epimerization domain, N-methylation domain and condensation domain. 
 
It has been proposed that the amount of free Fe2+ controls the activity of the synthetase that 
produces microcystin. It is possible that the toxin could be an intracellular chelator of iron, in 
order to control the cellular level of free Fe2+. It has also been shown that the intake of iron is 
dependent on light intensity (Utkilen and Gjolme, 1995). 
 
The majority of these non-ribosomal peptides are classified as secondary metabolites, as they 
rarely have any use in primary metabolism, growth or reproduction, but have evolved such 
that the microorganism does somehow benefit from their production. These secondary 
metabolites can function as antibiotics, cytostatics, immunosuppressants, enzyme inhibitors 
and other cellular effectors. Specific detection of the gene cluster for microcystin has been 
reported for both cultured and non-cultured samples (Neilan et al., 1999).  
 
1.4 Factors that influence cell growth and toxin production 
The concentration of the microcystins and nodularin vary according a number of stimuli 
including temperature, light intensity and wavelength, pH, osmotic potential, as well as 
nutrient ratio’s and variation of their concentrations.  
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Environmental factors that are favourable to bloom formation include a water temperature of 
15 to 30oC, moderate to high light intensity, a pH of 6-9, moderate to high nutrient levels 
(such as phosphates, nitrates and ammonia) and adequate aeration.  
 
Optimal bloom conditions are not necessarily optimal for toxin production. Data from a study 
relating environmental stimuli changes to toxin fluctuation at the Hartebeespoort dam found a 
direct correlation between increased temperature and solar radiation with toxicity. It was 
difficult to relate nutrient concentrations to microcystin production with their data, as 
concentrations fluctuated substantially over the two year period and data reflected growth of 
a mixed population. Dominant bacteria would not necessarily have been a toxin-producing 
species (Wicks and Thiel, 1990). 
 
1.4.1 Stage of growth  
Optimal production of microcystin in closed batch systems occurs at late logarithmic phase 
(Watanabe et al., 1985).  Figure 1.3 shows all three microcystin variants peaking just prior to 
the onset of stationary phase. At stationery phase there is normally some deprivation factor, 
which results in the production of secondary metabolites. At a certain cell density to nutrient 
concentration the switch over to stationary growth phase commences, and just prior to the 
switchover is when the microcystin variants are at their highest concentration.  
 
 
 
 
 
 
 
 
 
Figure 1.3: Microcystin production in a batch culture over a 20-day period (Watanabe et al., 1985). 
 
1.4.2 Temperature and growth rate: 
 Temperature has a pronounced effect on toxicity and growth. van der Westhuizen and Eloff 
(1985) found the best growth rate for M. aeruginosa to occur at 32oC (Figure 1.4), while at 
16oC the growth rate was less by a factor of 5.5. The highest toxicity was achieved when 
grown at 20oC, with a LD50 of 25.4 mg/kg with mice injected intraperitoneally.  
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Figure 1.4: Toxicity and doubling time at various temperatures (van der Westhuizen and Eloff, 1985). 
 
Toxicity was markedly reduced when the growth temperatures exceeded 28oC (56-140 
mg/kg) and was halved at 16oC. Highest production of toxin occurred with a culture that had 
a 2.8 day doubling rate, which was slower than the highest achieved doubling rate of 1.24 
days. 
 
Winter samples in a study of the Hartebeespoort dam were found to have low levels of 
toxicity (minimum temperature recorded was 13oC). This could have been due to the 
prevalence of a non-toxic strain, but was more likely attributed to low temperature. Cells 
grown at a 16oC have shown a marked reduction in toxicity. 
 
1.4.3 Light intensity  
Kaebernick et al. (2000) found mcyB RNA transcript concentrations for Microcystis 
aeruginosa PCC7806 to exhibit two significant increases with increasing light intensity. The 
first light intensity threshold occurred between dark and low light (16ìmol.photons.m-2.sec-1) 
and the second between medium (31ìmol.photons.m-2.sec-1) and high light 
(68ìmol.photons.m-2.sec-1). No further increases were found when the cells were exposed to 
a higher light intensity of 400ìmol.photons.m-2.sec-1. 
 
van der Westhuizen and Eloff (1985) found toxicity to decrease at the lower and higher light 
intensities tested (Figure 1.5). An intermediate light intensity provided for optimal toxin 
production. The highest production occurred with the culture that had a doubling time of 2.2 
days at 145umol.photons.m-2.second-1. Highest toxin production was not found to correlate 
with the highest growth rate, and M. aeruginosa adapted physiologically to increasing light 
intensity with an increase in gas vesicle production and altering its pigment composition. 
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Toxicity and growth were found to be minimal at their lowest tested intensity of 
21umol.photons.m-2.second-1. 
 
 
 
 
 
 
 
 
 
 
Figure 1.5: Decrease in toxicity of M. aeruginosa with culturing at an increased light intensity (van der 
Westhuizen and Eloff, 1985). 
 
Microcystis species grow very slowly in laboratory cultures, and appear to be most affected 
by light intensities when grown in conical flasks. Under higher light intensities blooms tend 
to shift in prevalence from cyanobacteria to green algae. Other features included diminished 
cell size, and loss of colony formation. Under lower intensities the Microcystis cells retain 
their original characteristics such as buoyancy, colony formation, and toxicity. A major 
problem experienced with cyanobacterial cultures was the infiltration of other bacteria (Rae 
et al., 1999). 
 
Variation of light intensity in calm waters leads to the establishment of strata of 
cyanobacteria that vary in toxicity with depth. Reports conflict as to whether light intensity or 
temperature is the controlling factor for microcystin production. Results for many different 
strains of M. aeruginosa as well as some Anabaena, Aphanizomenon and one Oscillatoria 
species indicate that light is the controlling factor, but below certain temperatures toxin 
production is still minimal (Utkilen and Gjolme, 1992; Utkilen and Gjolme, 1995; Rapala et 
al., 1997 and van der Westhuizen and Eloff, 1985). 
 
1.4.4 Nutrient ratios and concentration variation (Phosphates, nitrates and iron) 
A case of microcystin toxicosis was reported in a mid November in Georgia in the USA. 
Three cattle died as a result of drinking from a pond that contained a dense bloom of 
cyanobacteria. This was uncommon as the usually cold early winter temperatures prevented 
blooms. The area surrounding the pond had been fertilized with a high nitrogen compound 
two weeks prior to the noted bloom, and heavy rains had occurred just after the fertilization 
(Frazier et al., 1998). 
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Some tests have found no variation in toxin production under nitrate and phosphate limiting 
conditions. Utkilen and Gjolme (1995) found that increasing the iron concentration increased 
the ratio of toxin to dry weight with M. aeruginosa CYA 228/1. Increasing the iron 
concentration also increased the amount of microcystin RR toxin to protein ratio slightly. The 
variation of the phosphate concentration to resulted in an increase in the ratio of microcystin 
RR to dry weight, a slight decrease in the microcystin RR to protein ratio and the microcystin 
RR to dry-weight-minus-carbohydrates ratio to be unaffected. An increase in nitrate 
concentration resulted in an increase in microcystin RR to dry weight and dry weight minus 
carbohydrates, while the microcystin RR to protein ratio remained constant.  
 
Watanabe and Oishi (1985) found phosphate limited conditions to decrease the growth rate 
slightly and decrease the toxin concentration negligibly. However under nitrate limiting 
conditions the growth rate decreased slightly, but toxicity decreased substantially. Utkilen 
and Gjolme (1995) also found lowered nitrate concentrations to result in a decrease in 
toxicity. They were assaying for microcystin RR production by M. aeruginosa CYA 228/1. 
 
Oh et al. (1999) found the specific growth rate of M. aeruginosa UTEX 2388 to be a function 
of cellular phosphate under P limitation. They found the growth rate reduced under 
phosphate-limited conditions due to a low carbon fixation rate, but the microcystin content of 
cells was higher. Consequently the toxin per dry weight was found to increase under P 
limited conditions, even though toxin production rate was found to be linearly proportional to 
growth rate. 
 
Lee et al. (2000) investigated the affect of N:P ratios (1, 5 ,16, 50 and 100) on toxin 
production by M. aeruginosa UTEX 2388. Under a P-fixed condition the toxin content of the 
cells changed with altering ratios. The highest toxin production occurred at a 
nitrate:phosphate (N:P) ratio of 16 (2.748mg toxin/g dry mass) after an incubation of 7 days.  
 
 Data from a paper by Wicks and Thiel (1990) did not show any correlation between organic 
and inorganic nutrient concentrations and toxin production by M. aeruginosa. Their data 
showed toxin production to correlate better with environmental factors such as increased 
solar radiation and temperature. It should be noted that their data relates to the bacteria in a 
natural environment, and not under laboratory conditions. 
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1.4.5 Aeration 
Wicks and Thiel (1990) found an aeration rate increase from 100 to 1000mL.min-1 more than 
doubled the toxicity of a culture (M. aeruginosa NRC-1) that was grown under otherwise 
optimum conditions. Vigorous aeration results in increased and more uniform exposure of the 
cyanobacteria to the radiation source.  This effect would be more important as the cell density 
(and therefore shading) increases, especially near the stationary growth phase, where cell 
density is at its greatest. 
 
1.4.6 Light wavelength 
Not only does intensity of light have an effect secondary metabolite production, but also the 
light type. When M. aeruginosa was grown under an intensity of 20 umol.m-2s-1 for white, 
green and red light higher toxin concentrations (Figure 1.6) were prevalent for cells exposed 
to red and green light than for cells exposed to white light (Utkilen and Gjolme, 1992). 
Figure 1.6: The effect of light wavelength on toxicity and ratio of toxin to protein for M. aeruginosa grown 
under continuous culture conditions (data from Utkilen and Gjolme, 1992). 
 
Kaebernick et al. (2000) found mcyB RNA transcript concentrations greater for Microcystis 
aeruginosa PCC7806 exposed to red light relative to exposure to blue light. Cells were 
moved from low white light to red and blue light of the same intensities. Cells under red light 
exhibited an increase in transcript levels equivalent to exposure to a high light intensity. 
 
1.4.7 pH 
pH tests done over a range of 6.5 to 10.5 (by the controlled addition of carbon dioxide: H2O + 
CO2 <=>  H2CO3(aq) <=> H+(aq) + HCO3-(aq) <=> H+(aq) + CO32-(aq) ) found maximum toxicity to 
occur at the upper and lower ends of the pH studied; which correlated to the slowest growth 
rate for the organisms. In the studies that were done at the Hartebeespoort Dam, where the pH 
ranged from 7.7 to 9.4, the toxicity was found to increase as the pH increased (Wicks and 
Thiel, 1990). 
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1.4.8 Growth medium salinity 
Blackburn et al. (1996) found minimum and maximum salinities tested did not favour the 
growth of Nodullaria spumigena, an estuarine bacterium. Nodularin content increased to the 
highest level between logarithmic and stationary phase, but as the extreme salinities of the 
growth medium resulted in decreased toxin content (see Figure 1.7). 
 
 
 
 
 
 
Figure 1.7: The effect of salinity on nodularin production in Nodullaria spumigena  (Blackburn et al., 1996). 
 
1.5 Extraction procedures for microcystins  
The method and solvent used to extract the toxin can affect the results obtained. Less polar 
organic solvents such as ethanol and methanol will favour extraction of the less polar variants 
of the toxin such as microcystin LR. Polar solvents such as water favour extraction of the 
more polar variants such as microcystin RR. 
 
M. aeruginosa PCC7820 produces microcystin LR, LY, LF and LW, all with widely differing 
hydrophobicities. Lawton et al. (1994) found extraction with methanol gave the best results 
for all four toxin variants. A solvent mixture consisting of butane-1-ol:methanol:water 
(1:4:15) also produced commendable extractions of the four variants, while acetic acid 
extracted poorly, particularly with the hydrophobic variants. 
 
Other extraction solvents that have been used include water, aqueous methanol and 5% acetic 
acid. Fastner et al. (1998) found a 75:25 methanol:water mixture to provide the best 
extraction from field samples. Second best was a sequential extraction (samples were 
extracted three times with 1.5ml methanol or 1.5ml water and all fractions were pooled), 
using methanol, while the least extracts were removed by water. Pure methanol did not 
extract microcystins quantitatively from the freeze-dried cells. The 75% methanol extraction 
procedure was advocated as it was faster than the sequential extraction and yielded more 
reproducible results. With the extraction from lyophilized cells the results for Microcystis 
aeruginosa HUB 5-2-4 showed no difference of extracted quantities of the various solvents. 
In contrast the Microcystis aeruginosa PCC 7820 gave better extraction results from the 
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water and sequential extractions than with 75% methanol and pure methanol (Fastener et al., 
1998). 
 
Fastner et al. (1998) also found the efficiency of solvent extractants to depend on factors such 
as water content of cells (freshly frozen and thawed or freeze-dried), microcystin variants in 
the cells and differences between field samples and laboratory cultures (matrix effects and 
morphological differences between the bacteria). 
 
1.6 Analytical techniques for toxic secondary metabolites of cyanobacteria 
1.6.1 Mouse bioassay: 
The majority of routine testing in vivo is done with Swiss albino mice weighing 25 to 30g. 
Usually males are used, as there is a difference to microcystin toxicity between the male and 
the female mice. Toxicity is measured by intraperitoneal injection of 0.1 to 1.0ml of material 
followed by 24 hour of observation. As the toxin concentration may be below the sensitivity 
range detectable the sample is often concentrated before injecting. Concentration can be by 
boiling, air-drying or freeze-drying the solution with bacterial samples. This is suspended in 
physiological saline or phosphate buffered saline (pH 7.5, at 0.05M) at 200mg in 10ml. 
Samples can also be concentrated by passage through acetonitrile or methanol-activated, 
reversed-phase C18 cartridges (toxin losses could result due to toxin overloading or lipophilic 
molecules decreasing the binding capacity), followed by methanol elution of toxins, drying 
and suspension in physiological saline. The microcystins and nodularin are heat resistant, as 
is anatoxin-a from Anabaena; however anatoxin-a(s) is highly labile and will be destroyed by 
heating.  
 
The problems with the mouse bioassay are the ethical justification of killing rodents and a 
lack of sensitivity that necessitates microcystin concentration, which can introduce errors due 
to losses or degradation (Falconer, 1993). 
 
1.6.2 Imunnoassays and analyses 
An ELISA technique has been developed which is based upon polyclonal anti-sera raised in 
rabbits against microcystin LR conjugated to bovine serum albumin. The antibody showed 
good cross-reactivity with microcystin LR, -RR, -YR and nodularin, but not with microcystin 
LY and -LA. Antibody binding made use of microcystin LR conjugated to horse-radish 
peroxidase, which has a sensitivity enabling ng/ml quantification in domestic drinking water. 
Due to the high specificity inherent in monoclonal antibodies, it is likely that a mixture 
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derived from the most abundant or relevant microcystin variants, or a polyclonal antibody, 
should be used in routine detection. Other tests done with antibodies extracted from young 
male rabbits, which had been fed human serum albumin-bonded microcystin, could not be 
used in routine water analysis for common microcystin variants, as the antibodies were only 
sensitive to microcystin YM (Falconer, 1993). 
 
1.6.3 Gas Chromatography  assay:  
A method using gas chromatography/chemical ionization mass spectrometry (GC/CI-MS) 
with erythro-2 methyl-3-(methoxy-d3)-4-phenylbutyric acid (MMPB-d3) internal standard 
gave results that had a detection limit of around 0.43ng and did not require the use of the 
microcystin toxin as standards.  
 
 
 
 
 
 
 
 
Figure 1.8: The conversion of the ADDA moiety to a carboxylic acid derivative MMPB (Kaya and Sano, 
1999). 
 
The microcystin-containing fraction was exposed to a mixture of sodium metaperiodate and 
potassium permanganate, which yielded a quantity of the carboxylic acid derivative erythro-2 
methyl-3-methoxy-4-phenylbutyric acid (MMPB) that was directly proportional to the 
amount of ADDA-moeity-containing toxin present (the reaction scheme is shown in Figure 
1.8). The MMPB-d3 internal standard was then added. The MMPB and MMPB-d3 were then 
extracted in n-hexane, which was removed under nitrogen stream, and converted to methyl 
esters with 14% trifluoroborate in methanol. The ions were detected at a m/z 223 for MMPB 
and 226 for MMPB-d3 (Kaya and Sano, 1999). 
 
1.6.4 High performance liquid chromatography analyses: 
Techniques using HPLC have been developed and are widely employed for the separation 
and identification of microcystins. The original extract is dried and suspended (e.g. in a pH 
8.5, 0.05M phosphate buffer) before analysis. A variety of HPLC solvent systems are used, 
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which include isocratic elutions such as 26% acetonitrile (Brooks and Codd, 1986) or 
gradient elutions such as 15- 25% acetonitrile in a 0.007M ammonium acetate buffer 
(Falconer, 1993). 
 
Lawton et al. (1994) found the detection limits for the HPLC, using pure toxin standards, to 
be 5ng for microcystin RR, LR, LY, LF, LW and nodularin. Microcystins show two typical 
spectra, one with an absorption maximum at 238nm (which is exhibited by all the 
microcystins except the few that contain tryptophan) and the other with a maximum at 
222nm. The correlation coefficients for microcystin LW were lower for both the treated and 
the untreated samples, which was ascribed to the instability of the compound. The limits for 
detection were lower in the treated than the untreated samples, which can be ascribed to 
matrix interference. The use of amino bonded cartridges has been suggested to reduce the 
level of interference. However it was found that the cartridge use decreased toxin 
recoverability and thereby increased the variability of data. 
 
 
 
 
 
 
 
 
 
Figure 1.9: HPLC data showing the a) elution of hepatotoxins and their b) individual PDA absorption spectra 
(Lawton et al., 1994). MN LR = microcystin LR, MN LY = microcystin LY, MN LW = microcystin LW and  
MN LS = microcystin LS.  
 
A photo-diode array (PDA) detector is often used in conjunction with reversed-phase HPLC 
system (Gathercole and Thiel, 1987).  UV spectra from 200-300nm have been obtained for 
many of the microcystin variants, with their characteristic absorption at UVmax 238. Figure 
1.9 shows the spectral scans from the PDA and the chromatogram that relates to its spectral 
scans. A gradient elution of aqueous acetonitrile (with 0.05% TFA) was used at 1ml/min 
(Fastner et al., 1998). A PDA detector allows for the identification of the compound from its 
characteristic spectra, and allows for the elimination of other peaks. This is also important, as 
there is a possibility of co-elution with other peaks. The PDA detector in conjunction with 
gradient elution allows for distinction of pure peaks (Lawton et al., 1994). 
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1.6.5 Enzyme inhibition assays 
These tests are based on the inhibitory effects the microcystins and nodularin display towards 
enzymes such as protein phosphatases 1 and 2A. The enzyme is added to a substrate, para-
nitrophenyl phoshate (pNPP), which it will cleave. The cleaved substrate, para-nitrophenyl 
(pNP), absorbs optimally at a wavelength of 410nm. When there is no toxin present the 
enzyme will display maximum cleaving potential, and when inhibitor is added the enzyme 
cleaves proportionally less, dependent on inhibitor concentration. It is vital that the solvent 
medium does not inhibit the enzyme’s normal functioning or react with the substrate, as this 
will affect absorbance readings (Ward et al., 1997). 
 
1.7 Comparison of the various testing methods  
1.7.1 Toxin quantification: 
The mouse, radioisotope and colourimetric protein phosphatase inhibition (PPI) assays are 
suited to total effective-toxin concentration determination. The HPLC is not as sensitive for 
the quantification of the toxin variants due to the lower detection limits. With HPLC the 
toxins elute at different times, so the amount passing through the detector at any one time is 
far less than the total toxins. In a comparative test between HPLC and the PPI assay there 
were two samples that contained enough toxin (according to the PPI assay) to be detected by 
the HPLC, but the chromatograms showed no toxin peaks. What was surmised was that even 
though there was enough detectable toxin, it probably consisted of a few of the microcystin 
variants, which were in quantities that were too low to separate from background noise (Ward 
et al., 1997). 
 
The colourimetric PPI assay has been shown to be less sensitive than the radioisotope 
method, but the problems associated with the use and disposal of radioisotope are avoided.  
The PPI assay has been shown to slightly underestimate the total toxin content due to the 
presence of some microcystins with a higher IC50 than microcystin LR, or the extraction 
medium having of some activity towards the pNPP (Ward et al., 1997). 
 
The GC/CI-MS is the most sensitive total-toxin determination technique. It also has the 
advantage of not requiring standard toxins. Gas chromatography allows for the separation of 
the MMPB and the MMPB-d3, while the CI-MS allows for highly accurate determination of 
the quantities present (Ward et al., 1997). 
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1.7.2 Toxin characterization 
HPLC is presently the most efficient method to determine the relative proportions of toxin 
variants present. Quantification requires calibration standards for each variant, which are 
expensive and not readily available. Separation is due to hydrophobic interaction, which can 
lead to problems with co-elution of similar compounds Gathercole and Thiel, 1987). Separate 
microcystin and nodularin peaks may also be characterized with their PDA spectra. The PDA 
spectrum allows for purity determination. 
 
Immunological analysis has the potential to be an extremely sensitive method for 
identification and quantification of toxic secondary metabolites. Cross-reactivity of the 
antibodies with more than one variant is a potential problem. It has a lower detection limit of 
0.147ppb and an assay range of 0.16-1.6ppb if the matrix tested in is water (Ward et al., 
1997). 
 
1.8 Traditional fermentation processing 
Traditional fermentation processing involves the batch culture of microbial population in an 
appropriate nutrient-containing solution with a desired agitation and aeration. Conventional 
filtration (or centrifugation) is used to separate the cells or debris from the suspension. 
Isolation, concentration and purification of the products are achieved by traditional methods 
such as liquid-liquid extraction, adsorption, ion exchange, fractional precipitation and 
crystallization. 
 
 Over the past three decades the increase in competition, rising cost of energy, developments 
in the basic and applied biological sciences, advances in separations science technology and 
progress in the chemical kinetics and chemical engineering have forced an altered perspective 
to the manner in which industrial processes are conducted. Some specific advances in the 
biotechnological field include: development of industrial membrane separations (separation 
of product from multi-component mixtures), techniques of enzyme immobilization 
(continuous chemical conversions) and techniques for the immobilization of whole cells 
suitable for continuous chemical production, development of recombinant DNA techniques 
and methods of gene transfer that allows cells to synthesize products of other biological 
systems (Michaels, 1980). 
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There is a requirement for microcystin toxins as standards for most analytical tests that allow 
for quantitative or qualitative assessment. The toxin variants are extremely expensive, 
microcystin LR cost in excess of R5 million for a gram in 2001 and many of the variants are 
difficult to obtain. Cyanobacteria are autotrophic, which allows for their cultivation in a 
relatively cheap medium (BG-11). A membrane- immobilized biofilm with nutrient diffusion 
gradient from the lumen side and a light gradient from the shell side may be a more efficient 
means of inducing secondary metabolite production in cyanobacteria. 
 
1.9 The current integration of membranes in biotechnology 
Synthetic membrane processes are being increasingly incorporated into existing reaction, 
isolation and recovery schemes in biotechnology, as well as replacing traditional unit 
processes. The most exploited properties in downstream and upstream processing are their 
high surface area to unit volume, permselectivity and their potential for controlling the level 
of contact and/or mixing of two separate phases. Advances in both membrane materials and 
module design have led to better concentration, polarization and less membrane fouling. Not 
only have membrane processes been used in established separation techniques such as 
clarification and concentration and purification of macromolecular products, but they are also 
being used in schemes for the separation and purification of macro and microsolutes.  
 
Electrodialysis, reverse osmosis and pervaporation are finding niches in downstream 
processing of bioconversions and cell culture products. Membrane structures are being 
integrated into the bioreactor itself in order to increase the volumetric productivity and to 
reduce the subsequent recovery processing. Reverse osmosis and ultrafiltration are used for a) 
concentrating fermentation liquors to facilitate final product recovery b) demineralize water 
c) remove colloidal impurities from product-containing solutions to increase the yield and 
purity. 
 
Due to their ability to fractionate and concentrate, membranes are able to separate product 
from reactant, to increase the concentration of a dilute solution, to reduce the possibility of 
contamination and infection, and (because the are often closed processes) to reduce the need 
for stringent contamination requirements. Membranes can also be used to increase the 
concentration of a biocatalyst, and therefore increase volumetric productivity of a bioreactor 
(Heath and Belfort, 1992). 
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In the rapidly advancing field of biotechnology (which now incorporates sophisticated 
fermentation processes with normal and genetically modified microorganisms, biochemical 
conversions employing immobilized cells and enzymes as well as the production of 
biological products from mammalian cell cultures) there is a great need for more efficient and 
economic means of culturing microbes, recovering and isolating costly labile products and 
disposing of harmful or toxic wastes. Membranes and membrane separations have the 
potential to increase the efficiency of industrial processes (Michaels, 1980). 
 
1.10 Hollow fiber bioreactors 
Since the mid 1980s there has been a significant increase in the technology that allows for 
encapsulation of enzymes into hollow fiber membranes. This entrapment can protect the 
enzymes from proteolytic  and immunochemical attacks and makes possible the industrial and 
medical applications of the immobilized enzymes. Physical adsorption and bonding of 
enzymes to a surface often causes inactivation of the enzyme, and in extreme cases can lead 
to its denaturation.  
 
There are two enzyme immobilization categories for a hollow fiber dialyser: 1) the enzyme 
solution may be introduced to the outside of the hollow fiber or to the inner lumen; the 
substrate solution flows on the opposite side of the membrane to the enzyme. The substrate 
molecules permeate the membrane and react with the entrapped enzyme. The product then 
diffuses back to the other side of the membrane from where it is recovered. 2) Enzyme 
solution is ultrafiltered into the porous region of an asymmetric HF membrane  (or the hollow 
fiber is dipped into the enzyme solution so that enzyme molecules are absorbed into the 
spongy lumen). Substrate is pumped into the reactor through the same entry as used 
previously for the enzyme solution, after the reaction the product permeates through the thin 
membrane into the membrane lumen and is collected (Kitano and Ise, 1984). 
 
Cells can be grown on the outside of the membrane (extra-capillary) or the inside of the HF 
lumen (intracapillary) with both methods having intrinsic advantages and disadvantages, 
which include oxygen diffusion, liquid shear rate and nutrient transport through the cell mass 
(Adema and Sinskey, 1987). 
 
Hollow fiber membranes serve as excellent artificial capillary beds for mammalian cell 
cultures, which are being used as artificial organs and for the production of hormones, 
viruses, vaccines and antibodies for diagnostic and therapeutic applications. They are also 
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considered attractive alternatives as growth surfaces for microbial populations at very high 
cell densities and could provide the basis for a new family of high capacity continuous 
production bioreactors (Michaels, 1980). 
 
1.11 Membrane formation 
Isotropic and anisotropic membranes are generally produced by phase inversion. During this 
process a homogenous polymer solution is transformed into two liquid phases, the one a 
polymer-rich phase and the other a polymer-poor phase. The coagulation of the polymer-rich 
phase results in the formation of the membrane matrix, whereas the polymer-poor phase 
forms the porous, interconnected mass that eventually opens into the skin layer of the 
membrane as pores in the nanometer size range.  
 
Wet phase inversion membranes may be made from any polymer mixture which forms a 
homogeneous solution under certain conditions of temperature and composition but which 
separates into two phases by altering the temperature or composition. In the wet phase 
inversion process, water is most commonly used to bring about the phase change, and is ideal 
from the perspective of both safety and cost.   
 
 
 
 
 
 
 
Figure 1.10: Schematic view of a simple spinning line, illustrating a side and bottom view of the extrusion die, 
the coagulation and rinse bath and the wind-up device on which the continuously-produced membrane is 
accumulated (Jacobs and Sanderson, 1997). 
 
Capillary ultrafiltration membranes are made by spinning a polymer solution from a spinneret 
into a non-solvent bath. The bore-side is kept open by co-extrusion of a bore-side coagulant 
(Figure 1.10). By changing the membrane formulation and composition of the coagulant, and 
by introducing a vapour-treatment step, membranes with distinctly different structures can be 
produced. As relatively small amounts of membrane materials are required to manufacture 
large areas of membrane, more exotic materials are being used in their synthesis. When 
choosing novel membrane materials, the dependence of membrane properties on diffusion 
rates and solubility of water in the membrane polymer is a very important consideration. 
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Improved membrane performance in the arena of higher fluxes could be expected from 
membranes made from more hydrophilic polymers. These could replace the aromatic 
polyamides (aramids), which have been used extensively in membrane science (Jacobs and 
Sanderson, 1998). 
 
1.12 Membrane morphology 
Membranes with unique morphologies can be produced by manipulating and adjusting the 
various factors that control the wet phase inversion manufacturing process, which is used to 
form most asymmetric membranes. In this manner it is possible to produce a low molecular 
mass cut-off ultrafiltration or microfiltration membranes from the same polymer by changing 
only the polymer concentration and casting solution solvent used. Although the final 
membrane morphology is determined by the casting solution formulation, the protocol 
followed in the manufacturing of the membrane plays an equally important role in controlling 
the properties and performance of the final membrane structure. 
 
 
 
 
 
 
 
Figure 1.11: Photomicrograph of a) an externally skinned and b) externally skinless membrane surface. (Jacobs 
and Leukes, 1996). 
 
Delayed precipitation leads to the formation of type I membranes, which nearly always 
exhibit sponge-like structure with dense skin layers. Instantaneous or rapid precipitation leads 
to the formation of type II membranes, which are often thin-skinned and have finger-like 
microvoids in the sublayers. Figure 1.11a shows an externally skinned membrane 
morphology while Figure 1.11b shows the morphology of an externally skinless membrane; 
both are type I membranes (Jacobs and Leukes, 1996). 
 
1.13 Immobilization of fungi and cyanobacteria 
Surface environments are protective and offer the attached microbe a nutritional advantage. 
Many aquatic bacteria are dependent on attachment for survival in oligotrophic environments 
where low nutrient concentrations would normally not allow for growth. Bacteria are 
a b 
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normally attached when living under low nutrient conditions and pelagic when in nutrient 
rich conditions. Cells within the biofilm are attached to each other and the substrate via their 
glycocalyx. Metabolites produced during bacterial growth can lead to surface damage that 
can result in the loosening of the biofilm. Similarly nutrient deprivation at the base of the 
biofilm can lead to cell death and result in sloughing of the biofilm. 
 
The first stage of the biofilm development involves the reversible adsorption of the cells onto 
the surface. The next stage of development involves the production of extracellular adhesive 
materials, which occur as either as a covalently bonded capsular polysaccharide layer, or as a 
slime polysaccharide layer that is loosely associated with the surfaces. Exopolysaccharides 
(EPS) can act as an adhesive agent, play a role in nitrogen fixation, allow for protection from 
desiccation (as it is highly hydrated), protozoan predation (phagocytocis), osmotic shock, 
enzymatic attack and may play a role in the uptake of metal ions. Attachment via the EPS to 
plastics can take a few hours e.g. Teflon and polystyrene due to the hydrophobic nature of the 
surfaces. Some success has been had with attachment of bacteria to positively charged 
surfaces such as platinum; but for the negatively charged surfaces such as glass and mica the 
attachment potential is very low (Barbosa and Alterthum, 1992; Brown and Lester, 1980 and 
Prescott et al., 1996). 
 
Figure 1.12 shows the production of secondary metabolites from immobilized plant cells 
Gossypium arboreum.  Cells were immobilized on a cotton matrix for the production of an 
anti-fungal compound, gossypol. The metabolite extraction process was made continuous by 
addition of a cell wall permeabilizer (dimethyl sulfoxide), and addition of an elicitor 
increased secondary metabolite production 8-fold. The overall productivity was 20-fold 
higher than batch culture (Choi et al., 1995). 
 
 
 
 
 
 
 
 
Figure 1.12: Comparison of productivity in different operational systems with various treatments. Elicitor 
addition induces the mechanism to stimulate the secondary metabolite production and permeabilization was 
increased using dimethyl sulfoxide (DMSO) (Choi  et al., 1995). 
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Experiments done with the immobilization of aerobic fungal cells (Aspergillus niger) on a 
dual hollow fiber bioreactor for the continuous production of citric acid resulted in yields that 
were 15.8 to 27 times greater (using air and oxygen respectively) than that of shake flask 
fermentation. There was a significant improvement in final concentration, yield and 
volumetric productivity relative to batch fermentation (Chung and Chang, 1987). 
 
The production of bioactive substances such as antibiotics by cyanobacteria is very 
promising, as they can be grown under autotrophic conditions, and their growth media is 
cheaper than that of heterotrophic bacteria. Low inorganic nutrient concentrations of the 
media can limit the growth of contaminating microorganisms.  
 
In the case of filamentous bacteria a variety are known to produce intracellular and extra-
cellular metabolites with diverse biological activities. Scytonema TISTR 8208 has been 
immobilized on polyurethane strips (floating as well as anchored) in a glass column 
photobioreactor with the aim of antibiotic production. Free-floating polyurethane strips could 
only immobilize 70% of the total cells inoculated with, whereas the stationery polyurethane 
strips immobilized 97% of the inoculum. The culture was sparged with air containing 5% 
CO2 for agitation and a carbon source. When the flow rate was increased (under constant 
light intensity and CO2 percentage) the growth rate increased while the volumetric production 
remained unchanged. An increased in light intensity resulted in an increased growth rate and 
volumetric production. A low inoculum achieved best antibiotic production as it produced 
more actively growing cells containing higher amounts of antibiotics (Chetsumon et al., 
1994). 
 
Anabaena variabilis has been used for hydrogen photoproduction while immobilized in a 
hollow fiber photobioreactor. The hollow fiber photobioreactor was run continuously for over 
a year (previously it had been used for five months on a continual basis) after inoculation 
with the cyanobacterium. 25oC was optimal for H2 production without CO2 evolution (which 
led to an increase in O2 evolution). The photobioreactor was designed such that the growth 
medium passes from the outside of the hollow fiber (HF) into the inner lumen space. The 
adhesion of the bacteria to the membranes was tested in batch cultures prior to the 
construction of the bioreactor. Cells were immobilized on pieces of hydrophilic 
cuprammonium rayon hollow fibers (AM 100L) and hydrophobic polysulfone hollow fibers. 
AM 100L was used for the photobioreactor as microscopic examination revealed that the 
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cells invaded all the spaces in the 15ml column. (Markov et al., 1993 and Markov et al., 
1995). 
 
Morphological changes such as cell lengthening may occur with many immobilized bacteria. 
These changes could affect the rate of secondary metabolite production with exposure to the 
same stimuli that would have caused the free cells to produce them. 
 
1.14 The gradostat concept: 
It has been shown that nutrient gradients are established in biofilms of immobilized 
microorganisms. The profile of the nutrient concentration versus the distance from the 
biofilm is dependent on 1) microbial substrate uptake rate, which is a function of 
microorganism concentration and their affinities for the substrate 2) substrate transport rate 
through the biofilm, which is dependent on the substrate diffusivity and 3) substrate transport 
rate to the biofilm, which is a function of the microbial substrate uptake rate, substrate 
diffusivity through the biofilm and hydrodynamics near the biofilm surface. 
  
Nutrient gradients have been shown to exist in hollow fiber bioreactors. Radial nutrient 
gradients are established around the lumen such that the cells closest to the capillary 
membrane surface receive the highest concentration while the cells on the outside of the 
biofilm are nutrient deprived. Additional nutrient diffusion resistance can be provided by 
extra-cellular product formation. The structure, activities and the composition of biofilms 
have been shown to change with biofilm depth.  
 
 
 
 
 
 
 
 
Figure 1.13: The gradostat concept (Burton  et al., 1998). 
 
These spatial concentration gradients may be exploited to produce secondary metabolites as 
secondary metabolism is usually triggered by nutrient deprivation. This concept is shown in 
Figure 1.13. New cells are continuously being formed at the base of the biofilm, pushing the 
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older cells away to areas lower in nutrient concentration, which will trigger secondary 
metabolite production. The cells producing the secondary metabolites may then be sloughed 
off with water or air shear. 
 
The added benefit to this system is that the nutrient supply is effectively sterilized by the 
filtrating effect of the pores that exist on the inner side of the lumen. The membrane (IPS 
786) is specially produced to have an internal skin (filtrating) and a skinless outer membrane. 
The spongy outer membrane wall facilitates the attachment of spores or bacteria, due to its 
increase in surface area. In use for fungal spore attachment the time to adsorb was cut down 
from days with conventional outer skinned membranes to thirty minutes with IPS 786. The 
increased surface area also allows for denser biofilms to develop (Burton et al., 1998). 
 
1.15 Hypothesis  
By immobilizing bacteria on membranes it is possible to manipulate their environment such 
that a particular nutrient concentration can be achieved at extra-capillary membrane surfaces, 
allowing for a nutrient concentration that decreases from the interior to the exterior of the 
biofilm. A light gradient is created in the opposite direction to the nutrient gradient as a 
function of the cell density. Microcystis aeruginosa PCC7806 secondary metabolite 
(microcystin LR and Dasp-microcystin LR) production is modulated by nutrient and light 
ratios and concentrations/intensities. Capillary membrane modules allow fine-tuning of such 
ratio’s and concentrations within the biofilm thus allowing for optimal secondary metabolite 
production. An additional advantage of the capillary membranes is that the waste products 
may be removed from the extracapillary space and the nutrient supply may be constantly 
maintained at its original concentrations.  
 
By immobilizing the cyanobacteria and adjusting the available concentrations of light and 
nutrients it may be possible to control the conditions in the outer layer of the biofilm such 
that a constant state may be maintained where microcystin production is at the maximum 
attainable level for this strain of M. aeruginosa. Theoretically cell division will occur closer 
to the membrane, where nutrient levels are higher, and microcystin production will occur in 
the outer biofilm, where the light concentration is the higher and nutrient concentrations 
lower. 
 
The inherent advantage of using hollow fibres/ capillary membranes is that the surface area to 
volume is significantly higher than for other immobilization matrices. The particular 
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membrane intended for use in this project (externally unskinned polyethersulfone capillary 
membrane) displayed a greatly improved performance relative to normal externally skinned 
membranes for the application of fungal immobilization. The lack of an outer skin greatly 
increased the surface area available for biofilm attachment, allowing for dense, thick, uniform 
biofilms to be established. The increased flux, due to the lowered resistance from being 
externally skinless, shortened the filtration inoculation process to 30 minutes (opposed to 
several days using externally skinned membrane).  
 
1.16 Objectives 
· Development of a module and inoculation technique that would allow for the efficient 
and aseptic immobilization of Microcystis aeruginosa PCC7806 upon an externally 
skinless polyethersulfone capillary membrane.  
 
· The production of microcystin was to be assessed under immobilized conditions with 
variations of parameters such as light intensity, nitrate concentration (dominant in 
batch cultures), length of time of immobilization and biofilm thickness.  
 
· A method of continuous extraction from the biofilm was to be developed  if  the  toxin 
production was substantial.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 28 
Chapter 2 
Module development and cell immobilization 
 
2.1 Introduction  
According to literature there are four common methods of bacterial immobilization: covalent 
coupling, aggregate formation, entrapment and adsorption, while fungal spores have been 
immobilized on synthetic membranes using a filtration method. Covalent coupling involves 
cross-linking the bacteria by chemical substances such as gluteraldehyde and bacterial 
surfaces (proteins in particular) are linked via the two aldehydic groups to form a network of 
joined cells. Aggregate formation makes use of a physico-chemical environment that 
influences the development of the microorganism, and is used in biotechnological purposes 
such as in anaerobic wastewater treatment (flocculation) as well as ethanol production using 
Saccharomyces cerevisiae. Entrapment involves immobilizing the microorganisms directly 
within synthetic polymers such as acrylic polymers like polyacrylamide and polyurethanes by 
mixing the bacteria with the monomers before the polymerization process (Rehm and Omar, 
1993). 
 
Bacterial attachment via adsorption occurs as a function of electrostatic, van der Waals, ionic, 
hydrogen bonding and hydrophobic interactions. Cell density depends on a number of factors, 
but the most important is the charge on the support material and the bacteria, which leads to 
the hydrophobic effect. The surface charge varies in magnitude according to parameters such 
as type of microorganism, pH, presence and concentration of various inorganic compounds 
(Madaeni, 1996).  
 
With the hydrophobic effect, water layers around the non-polar substances are unable to 
undergo hydrogen bonding freely in all directions. When a non-polar entity approaches an 
uncharged surface, the constrained water molecules can be freed into the bulk phase. The 
result is the drawing together of non-polar molecules. In many cases the hydrophobic effect 
increases linearly with an increase in the electrolyte concentration of the solution, while 
surface-active agents reduce the hydrophobic effect. The hydrophobic effect is also 
dependent on temperature. Most microbial cells carry a negative surface charge, and the 
greater the charge the less the hydrophobic interaction (Rehm and Omar, 1993).  
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According to surface thermodynamics the potential for adhesion is dependent on a decrease 
of free energy at equilibrium. If the effect of electric charges as well as biochemical 
interactions (e.g. receptor-ligand) is considered as negligible, the change in the free energy 
function (DFadh) may be considered as: 
DFadh  = gBS - gBL -gSL 
where DFadh is the free energy of adhesion, g BS is the bacterium-surface interfacial tension, g 
BL is the bacterium-liquid interfacial tension and g SL is the surface-liquid interfacial tension. 
Essentially the bacterial interaction (interfacial tension) with the surface must be greater than 
the interaction of the combination of the liquid with the surface and the liquid with the 
bacteria for adhesion to be favoured (Absolom et al., 1983). 
 
A module and an inoculation technique had to be developed that would allow for the efficient 
immobilization of Microcystis aeruginosa PCC7806. A variety of module types (capillary 
membrane (CM), modified Pasteur pipette (MPP) and screwcap) with differing diameter, 
length and extra-capillary space volume were assembled containing a variety of membranes 
(ceramic, tubular polyethersulfone and externally skinless polyethersulfone capillary 
membrane). These were inoculated with the bacteria in order to obtain a stable biofilm in a 
suitable environment for toxin production. Methods of cell immobilization that were applied 
in this study included adsorption, pressure filtration and a developed technique that involved 
drying a cell slurry on the membrane. Each technique had inherent advantages and 
disadvantages towards the establishment of a biofilm upon the membranes. 
 
2.2 Methods and Materials  
Two Microcystis aeruginosa PCC7806 cultures were obtained from the University of Port 
Elizabeth in an exponential growth phase suspension, the other as colonies on a spread-plate. 
Both were used as inoculums for an airlift reactor using BG-11 growth medium. The cells 
were grown in airlift reactors at a temperature of 25oC at a light intensity of 700lux. These 
cells were used as inoculums for the membrane modules. 
 
Sample preparation for SEM  
Samples were left in phosphate buffered saline (pH 7.05) containing 2.5% gluteraldehyde for 
3 hours, freezedried, goldcoated in a Nanotech SEMPREP 2 Sputtercoater for 2.5 minutes at 
0.1torr at a current of 20mA, and viewed and photographed with a Philips XL30 scanning 
electron microscope. 
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2.2.1 Externally reinforced tubular polyethersulfone membranes 
A screwcap module (glass module with threaded ends to which a plastic cap tightens over a 
rubber seal) with a 20cm long, supported, tubular polyethersulfone, ultrafiltration membrane 
(obtained from Membratek, Cape Town) having an extracapillary space (ECS) volume of 
18ml was assembled, sterilized with 4% formaldehyde and washed with sterile Milli-Q water. 
Pressure inoculation was not feasible due to the nature of the membrane, which was 
reinforced to withstand an internal pressure (i.e. from the lumen outwards). The membrane 
collapsed as soon as pressure built up in the ECS during the inoculation procedure. 
 
The protocol for adsorption involved standing the module vertically with a cell suspension in 
the ECS for 24 hours, with one 180-degree rotation at 12 hours. The module was drained 
slowly (0.5ml/min), filled slowly with Milli-Q water, left for 5 minutes and then slowly 
drained again. Four equidistant portions were selected along the length of the membrane 
(numbered 1-4) and four sections were cut concentrically every 90-degrees (labeled a-d). 
These sections were examined under a scanning electron microscope to quantify adhesion. 
 
2.2.2 Ceramic membranes 
An aluminium oxide ceramic membrane 50.0cm long (outer diameter of 10mm and an 
internal diameter 7.6mm) with an average internal pore size of 0.6ìm, obtained from Prof. V. 
Linkov at the University of the Western Cape, was assembled in a screwcap module that had 
an extra-capillary space (ECS) volume of 70ml.  
 
 
 
 
 
Figure 2.1: Ceramic module setup. 
 
The module was cleaned using glacial acetic acid, rinsed with Milli-Q water and sterilized in 
an autoclave at 121oC at 1bar for 20 minutes. The inoculum feedline was split into two equal 
lengths so that inoculation would occur equally from either end of the module. If the feedline 
had not been split the pressure drop across the length of the module would have resulted in 
uneven biofilm distribution. 400ml of a cell suspension (4x107 cells/ml) was passed through 
the extra-capillary space and forced into the lumen (at a pressure not exceeding 60kPa) using 
  Module containing 
  inoculated membrane 
    pump 
   Split inoculum feedline     BG 11 
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a peristaltic pump. Once all cells in suspension were immobilized the ECS was flushed with 
autoclaved Milli-Q water, which was then replaced with BG-11 recirculating at a flowrate of 
0.5ml/min (Figure 2.1). This slow flow-rate resulted in no detectable ECS pressure. A 300ìl 
sample of the recirculating medium was analyzed with a spectral scan from 400-700nm in a 
multi-well plate reader every 24 hours for four days for intracellular products (indicative of 
cell lysis). 
 
2.2.3 Externally skinless polyethersulfone capillary membrane 
The externally skinless polyethersulfone capillary membrane was obtained from Dr E. Jacobs 
from the University of Stellenbosch. A membrane portion was cut to a length just longer than 
the screwcap module. A section of glass tubing was glued to either end with epoxy resin 
(Prattley clear) and allowed to harden for 20 minutes. The glass tubes were inserted through 
rubber seals at either end of the module and caps were screwed over both ends to provide a 
pressure-resistant seal. The module was left overnight to allow for the resin to set properly, 
sterilized with a 4% formaldehyde solution (recirculating through the extra-capillary space as 
well as the lumen for four hours), and rinsed by flushing the module with autoclaved Milli-Q 
water for three hours. Modules could not be autoclaved as the resin would disintegrate and 
the membrane could not withstand temperatures exceeding 55oC.  
 
Before the development of CM modules MPP modules were used to house membranes (both 
types shown in Figure 2.2). Pasteur pipettes were used to create alternative bioreactors as 
their thickness allowed for the passage of a red-hot pin to create an ECS inlet and outlet port 
and the tips could be modified to the outer diameter of the capillary membrane. Two of these 
modified pipettes were joined in the centre with a small portion of clear silicone tubing and 
the membrane would be glued to the tips with resin an hour after inoculation. Water would be 
introduced to the ECS seven hours after the resin had been applied. 
Figure 2.2: From left: MPP module, 5cm CM module and 8cm CM module. 
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The majority of the work done with this membrane was done using CM modules. They 
comprised of 2 aquarium t-joint adapters, which were glued with resin to either end of glass 
tubing (internal diameter of 5mm and outer diameter of 7.2mm), with lengths varying from 5 
to 35cm. A length of membrane was passed through and glued in while under tension. After 
24 hours the resin was suitably hardened and the module was sterilized with 4% 
formaldehyde and flushed with sterile Milli-Q water. A schematic of a typical inocula ted CM 
module is shown in Figure 2.3. 
 
 
Figure 2.3: Schematic of the components of an inoculated CM module. 
 
2.2.3.1 Adsorption 
Adsorption was the first attempted method of biofilm attachment. A liter of a cell suspension 
with a cell density of 8x108 cells/ml was recirculated through the ECS at a flowrate of 
1ml/min for an hour and then flushed with distilled water. 
 
2.2.3.2 Cell slurry immobilization 
Due to the inability of the MPP modules to withstand any pressure an alternate method of 
immobilization was developed. A cell suspension was centrifuged to a pellet and then mixed 
with a small quantity of water. This was drawn out in a line and a portion of membrane was 
rolled in the cell slurry until completely surrounded by a thick layer of cells and the biofilm 
was allowed to dry slightly before the membrane was glued into a module.  
 
2.2.3.3 Pressure inoculation  
Cells were pressure inoculated under aseptic conditions by filling the ECS with a 
concentrated cell suspension (2ml for every 1cm of membrane with cell number varying from 
1011 to 1012 cells/ml), blocking the outlet port, and increasing ECS pressure using a peristaltic 
pump. The membrane acted as a filter, trapping the cells on the shell side and letting the 
medium pass through to the lumen. Cells were immobilized by forced adhesion to the 
membrane and themselves. Loose aggregates were removed after inoculation by flushing 
Milli-Q water through the ECS at 0.5 to 1ml/minute. BG-11 was pulsed through the lumen 
 33 
with a peristaltic pump at 0.5ml/minute every 24 hours. The pressure increase during 
inoculation was monitored with a gauge that had maximum reading of 400kPa, although the 
pressure was not allowed to exceed 120kPa. 
 
2.3 Results and Discussion 
2.3.1 Externally reinforced tubular polyethersulfone membranes 
Pressure inoculation of cells onto the tubular polyethersulfone membrane was not feasible. 
The membrane was designed to withstand pressure imposed from the lumen side and not 
from the ECS. The membrane would collapse as soon as pressure built up in the ECS. 
Scanning electron microscopy revealed the level of adsorption to be poor and that it was not a 
viable form of membrane inoculation. Figure 2.4 showed the level of adhesion to be poor. 
Cell numbers from 16 micrographs had an average cell density of 820 (+260) cells /mm2, 
which meant most of the surface area between cells remained uncolonized. To develop a 
monolayer alone, with such dispersed adsorbance, would have taken a considerable amount 
of time. 
 
 
 
 
 
 
 
Figure 2.4: SEMs of portions 1d and 3d (white specks are the cyanobacteria). Both at a magnification of 215 
times. 
 
 
2.3.2 Ceramic membranes 
Figure 2.5 illustrates the lack of adherence displayed by initial biofilms that were pressure 
inoculated. After six hours biofilms would form non-adherent patches that would slough off 
within 24 hours, leaving a poorly adhering patchy biofilm. The BG-11 solution was 
recirculated at a slow flowrate of 0.5ml/min for four days, as prior attempts at immobilization 
for shorter periods of time had resulted in a non-adherent yellowing biofilm and recirculating 
medium that had changed from clear to a blue colour, indicative of cell death and lysis. The 
medium was examined every 24 hours with a spectral scan from 400 to 700nm, to determine 
1d 3d 
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if any cellular components were present. Subsequent immobilization with culture of cells that 
did not possess gas vesicles yielded a stable biofilm. The reasons for stable biofilm formation 
are elaborated upon in Chapter 3. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Biofilm detachment after 1, 6 and 24 hours on the ceramic membrane. 
 
 
The only peak present in the multi-wavelength scan from 400 to 800nm occurred at about 
615nm (Table 2.1), consistent with phycocyanin and indicative of cell lysis, as it was an 
intracellular component.  
 
Table 2.1: Peak heights and wavelength detected at for medium recirculating through the ceramic module. 
Day Peak wavelength Peak height 
Control (BG-11) 0 0 
1 616 0.543 
2 614 0.396 
3 614 0.342 
4 618 0.221 
 
 
 
2.3.3 Externally skinless polyethersulfone membranes 
2.3.3.1 Adsorption 
When the membrane was visually examined it was evident that adsorption was not a feasible 
form of immobilization. Cells had formed a thin biofilm on the top half the membrane as a 
result of deposition (the module had been standing horizontally), while the lower half of the 
membrane was devoid of any green colour that would have been imparted by cyanobacterial 
adhesion. 
 
 
1 hour 6 hours  24 hours 
çNon- 
     adherent  
     portion of  
     biofilm 
çSloughed  
     portion of  
     biofilm 
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2.3.3.2 Cell slurry immobilization  
Cell slurry immobilization on the externally skinless polyethersulfone membranes in the MPP 
modules resulted in a thick (although uneven) biofilm and minimal loss of cells after 
inoculation. Cells did penetrate the pores, but there were portions of membrane with no pore 
penetration (Figure 2.6a and 2.6b). 
 
 
 
 
 
 
 
 
 
Figure 2.6: Wax embedded cross-sections of the cell-slurry attached biofilms with a) no pore penetration and b) 
biofilm with pore penetration (magnification 256 times). 
 
Approximately 8 hours was optimal for adsorption at room temperature and ambient 
pressure, before the introduction of water into the ECS, as cells were well adsorbed to the 
membrane and one another. When the biofilm was overly desiccated it would crack and flake 
off as soon as water was introduced into the ECS, if the biofilm was still too moist the cells 
would wash off with the introduction of water into the ECS.  
 
The technique required a sterile environment to work in, as contaminants were easily 
introduced. The uneven biofilm formation and the inconsistency of the externally skinless 
membrane were a problem, as cells overlaying an inconsistent portion of the membrane 
(Figure 2.6a) would not receive the same quantity, if any, nutrients. These inconsistencies 
would result in varying nutrient gradients along the length of the membrane and the data 
would not be consistent. 
 
2.3.3.3 Pressure immobilization 
Pressure immobilization led to the formation of thick biofilms in a relatively short period of 
time (20 to 40 minutes). Figures 2.7 and 2.8 show that the cells could penetrate well within 
the pores and a dense biofilm formed on the outside of the membrane. However, pore 
penetration was inconsistent. 
 
 
a b 
ç pores not 
     inoculated 
inoculated 
     pores 
      ê 
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Figure 2.7: An inoculated externally skinless polyethersulfone membrane that was in a CM module showing a) 
an inoculated pore and b) a uncolonized pore at a magnification of 465 times. 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: a) SEM of biofilm formation at the outer surface and b) within the pores themselves. Both at a 
magnification  of 465 times. 
 
 
 
 
 
 
 
Figure 2.9:  CM module directly after inoculation showing a  a) portion of CM module, b) completely covered 
externally skinless membrane and c) incompletely covered externally skinless membrane. 
 
 
Complete biofilm formation could be seen on the one side of the membrane in Figure 2.9a 
and 2.9b, but uncolonized portions were evident in Figure 2.9c. Portions that did not have 
complete biofilm coverage were typically along one side of a length of membrane and 
occurred in oval patches. Some uncovered portions would form around the entire 
circumference of the capillary membrane. Scanning electron microscopy revealed that the 
inconsistencies were due to either the presence of an external skin, presence of a thick 
internal skin, poorly formed pores or a combination of these factors. 
 
a b c 
a b 
 a b 
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2.4 Conclusions 
The ceramic membranes seemed like an unlikely prospect for biofilm formation initially, due 
to the lack of attachment. Originally it was hypothesized that the poor attachment may have 
been related to surface properties of the membrane. Work done subsequent to module 
development found that the problem lay with the bacteria and is discussed extensively in 
Chapter 3. The ceramic module was inoculated four times and stable biofilms were produced. 
The biofilm was stable under normal conditions, but a slight positive pressure from within the 
lumen or a stray air bubble in the ECS would damage the biofilm. 
 
The tubular polyethersulfone membrane was unfeasible for this application. It was not 
designed to take pressure from the ECS and was therefore unsuitable for pressure inoculation. 
The results from cell adsorption prove that it was an inefficient method for rapid biofilm 
establishment, as the majority of the surface area remained uncolonized.  
 
Of the membranes tested, the ceramic and externally skinless polyethersulfone capillary 
membranes held the greatest potential for the immobilization of Microcystis aeruginosa 
PCC7806. The ceramic membrane had the advantage of robustness (which allowed it to be 
reused many times), thermotolerance, and an even pore distribution. Module assembly was 
quick and sterilization was simple and fast, as the module could be autoclaved. The 
membrane’s large external diameter allowed for large biofilms to be immobilized, and due to 
the rapid flux at a low pressure the inoculation suspension fed through quickly with no 
aggregate formation. To its disadvantage was its cost, the volume of the lumen and its lack of 
versatility to use in a variety of modules. 
 
The externally skinless polyethersulfone capillary membrane and the CM module were 
inexpensive and the module could be reused several times. The membrane could be cut to 
size easily and, with the use of adapters, fitted into a variety of modules. With the CM 
modules the lowered volume of the ECS meant fewer cells were lost in the inoculation 
process. Modules containing this membrane possessing a larger ECS lost a large percentage 
of cells in the inoculation suspension, as aggregates formed in solution before being 
immobilized to the membrane surface. These aggregates formed precipitates that did not 
adhere to the biofilm and had to be flushed out. A problem with a lowered ECS was that 
some aggregates could not be removed, as they were partially joined to the biofilm. Also to 
its disadvantage was the membranes’ low melting point, which led to a longer chemical 
sterilization process, followed by flushing with sterilized Milli-Q water to remove chemical 
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traces. The major problem with the membrane was its inconsistency with regards to 
immobilization due to manufacturing inconsistencies. 
 
Of the three immobilization techniques filtration immobilization produced the best results in 
the fastest time. Biofilm formation was complete within 20 to 40 minutes and sterile 
conditions were maintained with relative ease. An advantage of this technique was that cells 
were immobilized according to suspension medium flux from the ECS into the lumen, which 
meant that poorly developed portions of the membrane did not allow for the cell suspension 
medium to pass through, and therefore did not allow for significant cell immobilization to 
occur. Cells were therefore not immobilized at the inconsistent portions of membrane, which 
occurred using the cell slurry immobilization technique. Although the cell slurry 
immobilization technique did produce a thick biofilm, it took a comparatively longer time, 
was inconsistent in thickness and contaminants were easily introduced. Adsorption was not 
feasible due to the low quantity of cells that adhered to the membrane. 
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Chapter 3 
Physiological properties that affect immobilization of Microcystis aeruginosa 
PCC 7806 and the effects of immobilization upon cell physiology. 
 
3.1 Introduction 
During module development cells would frequently immobilize poorly to the externally 
skinless polyethersulfone membranes, which was attributed to differing hydrophobic 
properties between membrane batches or cell cultures. In earlier protocols membranes would 
be rinsed with warmed water to remove any residual glycerol that would affect surface 
properties. After rinsing the CM modules with water heated to 45oC attempts at cell 
immobilization failed again. Poor adhesion was thus attributed to physiological properties of 
the bacterial cultures such as the presence of gas vesicles and extracellular polysaccharide 
production. Cell cultures that adhered poorly were buoyant, while those that adhered well 
settled out of suspension relatively quickly. 
 
The surfaces of microbial cells are vital to the organism’s survival, as it is through their 
surfaces that the bacteria interact with the environment. The cell surface can be covered with 
extracellular polysaccharide layer, which is either closely associated with the cell wall or 
exists as a loosely attached amorphous layer. Most extracellular polysaccharides located on 
the cell surface are synthesized from intracellular nucleoside diphosphate-sugar precursors, 
and must be transported through the cell membrane to the outside of the cell (White D, 2000). 
Some bacteria contain specialized organelles in the cytoplasm that are referred to as inclusion 
bodies. They differ from eukaryotic organelles in that they are not surrounded by a lipid-
protein bilayer membrane, although they do have a membrane coating. Some of the regularly 
occurring inclusion bodies are DNA, ribosomes, glycogen, thylakoid membranes with 
associated phycobilliproteins, glycogen (a-granules) lipid inclusions (b-granules), 
cyanophycin granules (structured granules), polyhedral bodies (carboxysomes) and 
polyphosphate bodies (White D, 2000; Jensen, 1985). 
 
Gas vesicles occur in aquatic bacteria such as the cyanobacteria. They vary in size and consist 
of assemblages of hollow, cylindrical, proteinaceous structures.  Their function is to alter the 
cell density, thereby allowing for vertical movement in the water column, in response to 
optimal temperature, light or nutrient concentrations. They are relatively small and are 
required in large numbers (estimated to require approximately 10000 gas vesicles per cell) for 
efficient buoyancy. These vesicles are ordered into gas vacuoles to occupy minimal space, 
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and in this configuration provide optimum buoyancy. Factors shown to affect gas vesicle 
production are the availability if inorganic carbon, nitrogen and phosphate, and water 
temperature. The application of gentle pressure shrinks the gas vesicle imperceptibly, but an 
excessive hydrostatic pressure collapses it, and the cells lose buoyancy. The larger the gas 
vesicle the greater the pressure required to collapse it. Collapsed vesicles do not recover and 
cells can only acquire new vesicles through de novo synthesis (Romans and Carpenter, 1994; 
White D, 2000 and Walsby et al., 1999).  
 
Not all cyanobacteria rely solely on gas vacuolation for vertical movement. Oscillatoria and 
Microcystis spp. have been shown to regulate their position in the water column by 
carbohydrate accumulation and a decrease in gas vesicle number. In a further study 
Microcystis colonies were observed to regulate depth by co-precipitation with iron-laden 
colloids (Berner, 1993). 
 
The photosynthetic membranes of cyanobacteria are intracellular membrane-bound sacs 
called thylakoids, which contain both reaction centers as well as light-harvesting complexes 
called phycobillisomes. The characteristic blue-green and red colours reflect the presence of 
the phycobillisomes, which are water-soluble light- harvesting antenna complexes that share 
similar tertiary and quaternary structures. The photosynthetic pigments are divided into two 
categories, which are the reaction center pigments (chlorophyll a: lmax 680nm) and light 
harvesting pigments (carotenoids, phycobillins and chlorophylls). Phycobilliproteins are the 
major components of these complexes and can represent 40% of the total protein present in 
cyanobacteria cultured under low light intensities. The three major classes of 
phycobilliproteins are phycoerythrins (lmax 565nm), phycocyanin (lmax 620nm) and 
allophycocyanin (lmax 650nm). Allophycocyanin is the major building block of the core of 
the phycobillisome. Radiating out from the core are rods composed of phycocyanin-linker 
polypeptide complexes. In some cyanobacteria phycoerythrin forms the distal portion of the 
rods (Schluchter and Glazer, 1999). Cyanophycin granules are storage granules composed of 
a polypeptide copolymer consisting of arginine and aspartic acid. They vary in size and 
number as a result of different growth conditions. They generally have a mottled appearance 
under the TEM (Jensen, 1985 and Schluchter and Glazer, 1999). 
 
Techniques routinely employed to characterize the physicochemical properties which affect 
cellular adhesion to surfaces (surface charge and hydrophobicity) include sessile liquid drop 
contact angle measurement, microbial adhesion to hydrocarbon (MATH) quantification, 
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infrared spectroscopy, X-ray photoelectron spectroscopy (XPS), electrophoretic mobility 
assessment, electron microscopy, measurement of retention on chromatographic resins and 
quantification of adhesion to inanimate materials (Pembrey et al., 1999). None of the 
instrumentation was available so the external properties of the cultures could not be assessed. 
It was unlikely to reveal Large difference between cells of the same species, as the external 
charge would be fairly constant no matter what the difference in EPS thickness. 
 
The aim of this chapter was to establish the immobilization potential between buoyant and 
nonbouyant cells and to verify if immobilized growth altered the physiology of Microcystis 
aeruginosa PCC 7806. 
 
3.2 Methods and materials  
Immobilization of buoyant and nonbuoyant cells in CM modules 
A cell suspension, containing buoyant cells, that had been cultivated in an airlift reactor was 
poured into a 250 ml graduated cylinder and left for 12 hours in a controlled environment 
room at 25oC. The upper 100ml (buoyant cells) was collected in a beaker and the remaining 
liquid was poured out until only settled (nonbuoyant) cells remained, which were also 
collected. The cells were analyzed at various dilutions in a multi-well plate reader at a 
wavelength of 740nm, and a spectral scan from 400 to 700nm was performed on wells with 
similar OD740 readings. The buoyant and nonbuoyant samples were concentrated to similar 
OD740 readings (deviation of 0.008) and filtration-inoculated in CM modules. Photographs of 
the immobilized cells were taken while the cells were still under pressure (50Kpa) and 30 
seconds and 12 hours after pressure cessation to demonstrate the dispersion of cells back into 
the liquid medium. Samples of cells were removed before and after the immobilization 
procedure for TEM processing. 
 
Transmission electron microscopy (TEM): 
Samples from the buoyant and nonbuoyant cells, before and after inoculation, were washed 
with Milli-Q water and processed for gas vesicle staining according to protocol by Romans et 
al (1994). Cells were washed in phosphate buffered saline (PBS) at a pH of 7.4, fixed in PBS 
containing 2.5% gluteraldehyde for an hour at 4oC, post-fixed in a 1% OsO4 solution for 2 
hours. A portion from a week old biofilm was fixed in PBS containing 2.5% gluteraldehyde 
overnight. All five samples were dehydrated in a graded ethanol series and immersed twice 
for 10 minutes in 100% propylene oxide. Samples were infiltrated with resin through a 
graded resin: propylene oxide mixture (25:75, 50:50, 75:25 for 90 minutes), left in pure resin 
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overnight, placed in fresh resin for 6 hours and then baked in an oven at 60oC for 48 hours. 
Sections were cut with glass blades and stained with uranyl acetate (4%) and lead citrate 
before being examined and photographed under a TEM. 
 
Scanning electron microscopy (SEM) 
A sample from a week old biofilm was fixed in PBS containing 2.5% gluteraldehyde 
overnight, freeze dried, frozen in liquid nitrogen, cut transversely across the membrane, fixed 
to a stub with colloidal silver, goldcoated in a Nanotech SEMPREP2 sputtercoater for 2.5 
minutes at pressure of 0.1torr at a current of 20mA, viewed and photographed with a Philips 
XL30 scanning electron microscope. 
 
Light microscopy: 
A sample from a week old biofilm was fixed in PBS containing 2.5% gluteraldehyde 
overnight and freeze-dried. The sample was immersed in molten paraffin wax for 2 minutes 
(with gentle shaking to remove all air bubbles) and allowed to set in an aluminium-foil mould 
that was fixed to a wooden block. The wooden block was clamped into a microtome and 
samples were cut parallel to the membrane in 8mm sections. Portions of the wax ribbon were 
selected such that cells in the outer, middle and inner biofilm were represented. Sections were 
examined and photographed under an Olympus BX60 light microscope. 
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3.3 Results and Discussion  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Biofilms while still under pressure (50Kpa).  
           
 
Figure 3.2: Biofilms 30 seconds after pressure inoculation was stopped.  
  
  
Figure 3.3: Biofilms 12 hours after pressure inoculation was stopped.  
. 
 
 
From Figures 3.1, 3.2 and 3.3 it was evident that differences in physical properties such as 
cell density had a large impact upon the potential of the bacteria to be immobilized on a 
synthetic membrane. Buoyant cells rapidly dissociated from the membrane into the 
surrounding medium. The modules were held vertically for the 12-hour period allowed for 
dispersion, which led to the settling of cells and the darkening of the suspension going 
towards the base of the module (right in the photographs). Settling was attributed to the 
immobilization pressure being sufficient to destroy smaller gas vesicles, which increased cell 
density to the point where they were no longer buoyant. A second attempt to immobilize the 
buoyant cells, which had settled after the immobilization, failed. This indicated a second 
Buoyant cells 
Non-buoyant cells 
Non-buoyant cells 
Buoyant cells 
   Non-buoyant cells 
  Buoyant cells 
biofilm ECS 
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reason for lack of adherence, which only became evident once the cells were observed under 
a TEM. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: TEM of a a) buoyant  (magnification at 8570 times) and b) a non-buoyant cell (magnification of 
9850 times). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Array of a) buoyant cells (cell walls ill-defined) and b) non-buoyant cells (well-defined cell walls) 
before inoculation (at a magnification of 4280 and 1720 times respectively). 
 
Figures 3.4 and 3.5 showed the buoyant and nonbouyant cells to be of equal dimensions, but 
there were morphological differences between them. The nonbouyant cells had thick, 
structured walls, compacted thylakoid networks and a low cyanophycin content. Bouyant 
cells had a more dynamic, less structured cell wall, dispersed thylakoid networks, and a 
number of inclusions. The buoyant cells appeared to be in a state of division (more evident in 
Figure 3.8b) 
 
 
 
 
 
 
 
 
 
Figure 3.6: TEM of a a) buoyant cell and b) a non-buoyant cell (both at a magnification of 21400 times). 
 
a b 
  a  b 
   a      b  flipid 
     fcyanophycin  
           granules 
fthyllakoid network 
  fthyllakoid network 
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The mottled appearance inside the cell (Figure 3.6a) and a larger peak at 615nm in the 
spectral scan (Figure 3.7a) were indicative of phycocyanin granules. The dense black specks 
were lipid inclusions. 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Absorption spectrum from 400 to 700nm for a) buoyant cells and b) for non-buoyant cells. The 
buoyant cells had a much greater peak at 615nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                             
Figure 3.8: Buoyant cells a) before and b) after immobilization (at a magnification of 4280 and 1720 times 
respectively). 
 
The cell walls of the buoyant cells were altered by the immobilization procedure. Figure 3.8a 
and 3.8b showed the majority of the EPS to be missing from the cells after inoculation. It was 
possible that the EPS was poorly attached to the bacteria and was removed by cell-cell or 
cell-membrane interaction during inoculation. This lack of adherent material may have 
prevented the cells from immobilizing with the second attempt, which was done using cells 
from the buoyant culture that settled after the first immobilization procedure. 
 
No gas vesicles were evident in the stained buoyant cells (Figures 3.4a, 3.5a, 3.6a, 3.8a and 
3.8b). Gas vesicles were typically similar in structure to those shown in Figure 3.9.  
 
 
 
 
 
 
Wavelength  (nm)   Wavelength (nm) 
  
a b 
 a b 
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Figure 3.9: Typical shape of gas vesicles in a micrograph of Nostoc carneum at a magnification of 26700 times 
(Jensen, 1985). 
 
The bacteria did not show external morphological differences across the biofilm under the 
highest magnification of the light microscope, as indicated by Figure 3.10a, b and c. Sections 
were cut parallel to the lumen.  
 
Figure 3.10: Cell morphology a) near to the membrane b) 16ìm into the biofilm and at the c) outer biofilm 
layer (light microscopy: magnification 246x). 
 
A transverse SEM (Figure 3.11) displayed what might have been a physiological adaptation 
to immobilization, in that cells were slightly ovoid parallel to the membrane. This would 
represent a more disc-like shape, which would increase the cell’s surface area and efficiency 
of harvesting light. The shape may have been a result of the preparation (freeze-drying) for 
SEM. 
 
 
Figure 3.11: SEM of a transverse profile of the cyanobacteria across the biofilm (at a magnification of 760 
times). 
a     b    c 
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A transverse section of the cells in the biofilm from its base to the outer cells, under TEM, 
would have been ideal in order to establish how internal and external cellular morphology 
was affected by membrane immobilization, but sample processing for the TEM adversely 
affected the membrane. The dehydration process prior to embedding involved multiple steps 
exposing the membrane to increasing concentrations of ethanol (an organic solvent) and the 
embedding process had a 36-hour step where the resin was hardened in an oven at 60oC (the 
membrane melting point was 55oC). As a result TEM sections were cut in an attempt to 
locate cells in pores, at membrane surfaces and in the outer biofilm, that were at that location 
in the original biofilm. 
 
  
 
 
 
 
 
 
 
 
         
 
Figure 3.12: TEM showing a) morphology of cells within a pore b) morphology near capillary membrane 
surface and c) within the biofilm. At a magnification of 3900, 4600 and 3900 times respectively. 
 
 
Cells within the pore and close to the membrane surface (Figure 3.12a and 3.12b) bore 
resemblance to cells shown in Figures 3.4a, 3.5a and 3.6a, indicative of an actively growing 
cell in a state of division. This would have been expected as these cells had the greatest 
amount of nutrients available to them. Figure 3.12c was somewhere in the outer biofilm and 
possessed thick cell walls, resembling physiologically less active cells (shown in Figures 
3.4b, 3.5b and 3.6b).  
 
Cells in Figure 3.12 appeared to have EPS extensions associated with them. They might have 
been physiological adaptions to aid attachment or cell debris from cells lysed during 
immobilization or as a result of TEM processing. Cell debris shown in Figure 3.13a and 
3.13b was a fairly common occurrence in the micrographs. The micrographs show loose 
inclusions and EPS fragments.  
 
 
 
 
a b c 
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Figure 3.13: TEM of cell debris at a magnification of a) 12100 and b) 14240. 
 
3.5 Conclusions 
The buoyant cells were in a rapid state of division and contained stores in the form of 
inclusions such as lipid globules and cyanophycin granules. The nonbuoyant cells probably 
resulted from aggregate formation, which led to cells at the interior of the aggregate being 
nutrient stressed, thereby forcing use of their stores. They would also have had less exposure 
to light, hence the more compacted thylakoid network and evident decrease in accessory 
pigments. 
 
 Cells that were not buoyant and that possessed a more developed EPS layer immobilized 
more succesfully. Buoyancy inhibited immobilization, as the lowered cell density resulted in 
forces of attraction to the surrounding medium that was greater than the forces holding the 
cell to the membrane and one another. The nonbuoyant cells were used to determine the 
effect that immobilization had on toxin production under various parameters, and since they 
did contain microcystin, samples were taken at the time of immobilization to ensure that 
microcystin was being produced afterwards. 
 
Cells within the pore and close to the membrane surface (Figure 3.12a and 3.12b) bore 
resemblance to cells in a state of active growth, as they had the greatest concentration of 
nutrients available to them. Cells in the outer biofilm possessed thick cell walls, resembling 
physiologically less active cells. EPS extensions may have been formed to aid adherence of 
cells in the biofilm or may have constituted cellular debris. 
 
 
 
 
 
 
a b 
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Chapter 4 
Toxin production 
 
4.1 Introduction 
After Microcystis aeruginosa PCC7806 had been immobilized upon a synthetic membrane it 
remained to be seen as to how these conditions would affect microcystin production. 
Parameters that affected the free-living bacteria’s microcystin production, such as nutrient 
concentration, light intensity, and temperature, were to be assessed individually under 
immobilized conditions by keeping all but one parameter constant. Parameters were tested in 
the order of time, nitrate concentration, light intensity and finally biofilm thickness. Due to 
manufacturing inconsistencies with the polyethersulfone membranes it was impossible to 
inoculate a number of modules with a biofilm of a constant thickness, which proved to be a 
major factor regarding microcystin production. 
 
Additional work included assaying two airlift-grown cultures (one with buoyant and the other 
with nonbuoyant cells) for microcystin production under a high light intensity and complete 
nutrient deprivation. A ceramic membrane was also inoculated with M. aeruginosa PCC7806 
and tested with two nitrate concentrations with two biofilm thicknesses. 
 
4.2 Methods and Materials  
Table 4.1: Overview of experiments and membranes used. (ESCM: eternally skinless polyethersulfone capillary 
membrane) 
Experiment Membrane Module size 
(cm) 
Parameter assayed 
4.2.1 ESCM 35 Time (30 days) 
4.2.2 ESCM 35 Time (7 days) 
4.2.3 ESCM 35 Biofilm thickness and nitrate 
concentration 
4.2.4 ESCM 35 and 20 Time, light intensity, nitrate 
concentration and biofilm thickness 
4.2.5 ceramic 50 Nitrate concentration and biofilm 
thickness 
4.2.6 Free cells Free cells High light intensity with no nutrients 
 
Table 4.1 represents an overview of the experiments in this chapter, describing the 
membranes used and the size of the modules they were used in. The end of this section 
decribes the method by which the membranes were inoculated and the biofilms sacrificed, as 
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well as the methods for the protein phosphatase inhibition assay and high performance liquid 
chromatography.  
 
4.2.1 Assessment of toxin production over a 30 day period using ESCM in 35cm CM 
modules  
Ten 35cm CM modules were inoculated with equal aliquots of a concentrated cell 
suspension. A peristaltic pump was used at a flowrate of 0.5ml/minute to replace the BG-11 
solution in the lumens of the reactors every 12 hours, and the ECS was flushed with Milli-Q 
water at 0.5 ml/minute every 24 hours. The experiment was conducted in a controlled 
environment room at 25oC and a light intensity of 700lux. Biofilms were sacrificed every 3 
days and toxin production was quantified using the PPI assay. Figure 4.1 illustrates the 
assembly of the experiment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Diagram of module assembly for the 30-day experiment. 
 
 
4.2.2 Assessment of toxin production over 7 day period using ESCM in 35cm CM 
modules 
The experiment relating microcystin production to time was repeated over a period of seven 
days instead of 30. A peristaltic pump was used at a flowrate of 0.5ml/minute to replace the 
BG-11 solution in the lumens of the reactors every 24 hours, and the ECS was flushed with 
Milli-Q water at 0.5 ml/minute every 24 hours.. Biofilms were sacrificed every 24 hours and 
toxin production was quantified using HPLC.  
 
waste 
Milli-Q water for 
flushing ECS 
BG-11 
Peristaltic 
pumps 
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4.2.3 Assessment of toxin production with various biofilm thicknesses over a 10 day 
period with two nitrate concentrations in ESCM in 35cm CM modules 
Sixteen modules were divided into two groups and inoculated with different volumes of a 
concentrated cell suspension to create biofilms with varying thicknesses. The lumens were 
flushed every 24 hours with either BG-11 at the normal nitrate concentration (20mM) or 
1/20th of the normal nitrate concentration (1mM). The ECS was flushed every two days with 
Milli-Q water. The experiment was conducted at 25oC at a light intensity of 700lux and all 
biofilms were sacrificed after 10 days. 
 
4.2.4 Matrix experiment to determine the effects of time, light intensity, nitrate 
concentration and biofilm thickness variation using ESCM in CM modules 
The experiment was a 4X2 factorial design that allowed for the investigation of the four 
major parameters affecting toxin production using 16 CM modules. The parameters are 
shown in Table 4.2. 
 
Table 4.2: Parameters tested in individual modules in the matrix experiment 
Module number Light intensity 
(lux) 
Time mM nitrates in 
BG-11  
Biofilm 
thickness 
1 700 5 hrs 20mM thin 
2 700 5 hrs 20mM thick 
3 700 5 hrs 1mM thin 
4 700 5 hrs 1mM thick 
5 700 4 days 1mM thick 
6 700 4 days 1mM thin 
7 700 4 days 20mM thick 
8 700 4 days 20mM thin 
9 5900 5 hrs 1mM thin 
10 5900 5 hrs 1mM thick 
11 5900 5 hrs 20mM thin 
12 5900 5 hrs 20mM thick 
13 5900 4 days 1mM thin 
14 5900 4 days 1mM thick 
15 5900 4 days 20mM thin 
16 5900 4 days 20mM thick 
 
 
A moderate light intensity of 700lux was standard in the controlled environment room in 
which the experiment was conducted, while a high light intensity was provided by a modified 
light box having fluorescent lights at each of its three sides. The intensity of the light emitted 
was measured at the central point in the lightbox at every 90o, and was found to be 6000lux 
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(from top), 5600lux (from closed side), 6000lux (from base) and 3000lux (from open side). 
The light box had been constructed such that light intensity reaching the modules would be 
similar from all angles.  
 
Times that were assessed were 5 hours and 4 days. It had been suggested that that 
cyanobacteria could start producing secondary metabolites within 4 hours of immobilization, 
and that continuous cultures in a transition state had stabilized within 5 days (Wiedner et al., 
2001). 
 
The nitrate concentration was varied such that there was a relatively high and a relatively low 
concentration available to the bacteria. The BG-11 flushed through the lumen was used at the 
normal nitrate concentration of 20mM, and at 1mM to simulate a nitrate-deficient 
environment. The lumens were flushed slowly by syringe every 24 hours, with care being 
taken not to impose any pressure that would affect the biofilm or increase the nutrient 
concentration in the ECS. 
 
Two biofilm thicknesses labeled as either thick or thin were inoculated. The relatively thick 
biofilm was created by inoculating 20ml of a concentrated cell suspension into a 25cm 
module. The relatively thin biofilms were created by inoculating 15ml of the same suspension 
into a 35cm module. 
 
4.2.5 Ceramic module  
A 50cm ceramic membrane module was inoculated twice with a moderate biofilm and twice 
with a thick biofilm. BG-11 was flushed through the lumen and Milli-Q water through the 
ECS every 24 hours. Biofilms were cultured at 25oC at a light intensity of 700lux and 
sacrificed after 5 days. Each biofilm thickness was cultured with BG-11 having a nitrate 
concentration of 1 or 20mM. A peristaltic pump was used at a flowrate of 0.5ml/minute to 
replace the BG-11 solution in the lumens and flush Milli-Q water through the ECS every 24 
hours. 
 
4.2.6 Induction of secondary metabolite production by complete nutrient deprivation 
under a high light intensity. 
Two cell cultures (buoyant and nonbuoyant) were centrifuged, washed twice and suspended 
in Milli-Q water. 10ml samples were pipetted into 25ml conical flasks and placed under 
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lighting at 5600lux at 25oC. Samples were taken at 0, 2, 4, 6, 12 and 18 hours and toxin 
content measured. 
 
CM Module construction and biofilm inoculation: 
35cm and 20cm CM modules were assembled and sterilized using the technique described in 
Chapter 2. Membranes had to be glued in under tension, to prevent the membrane from 
sagging against the side of the glass tubing (due to swelling) during inoculation, as this 
adversely affected biofilm formation. The inoculum suspension was divided into equal 
volumes and inoculated using a peristaltic pump, with pressure not exceeding 120kPa. The 
times taken to reach 120kPa varied from module to module (attributable to manufacturing 
inconsistencies) and this affected the quantity of cells immobilized. Milli-Q water was 
flushed through the ECS until all cells had either been immobilized or had formed non-
immobilized aggregates. Aggregates were flushed from the ECS with Milli-Q water at a 
flowrate of 0.5ml/minute. The lumen was flushed and sealed with a nutrient medium (BG 11, 
shown in Table 1 and 2 in Appendix). 
 
Biofilm sacrifice for CM and ceramic modules: 
Cells were dislodged from the membrane by forcing Milli-Q water across the membrane from 
the lumen to the ECS. Half the suspension was collected and the module was shaken 
vigorously. This was repeated five times and the resultant cell suspension was pelletted, 
freeze-dried, suspended in 70% methanol at 80ìl solvent/mg dry mass, sonicated and 
extracted for three 24 hour periods (replacing the 70% methanol each time) while being 
shaken moderately. The solvent was removed by low-pressure evaporation and the extracts 
were suspended in either a buffer (PPI assay) or 70% methanol (HPLC). 
 
PPI Assay: 
100ml of the sample (which was evaporated and suspended in a buffer containing 50mM Tris-
Cl, 0.2 mM MnCl2 and 20mM MgCl2 at pH 8.1), 50ml of a 20mM MnCl solution and 100ml 
of the substrate (para-nitrophenyl phosphate (pNPP) at a concentration of 20mM in a buffer 
containing 50mM Tris-Cl, 0.2 mM MnCl2 and 20mM MgCl2 at pH 8.1), was pipetted into a 
300ml well on a 96-well plate. 50ml of the buffered protein phosphatase (the buffer containing 
50 mM Tris-Cl, 1mM Na2EDTA, 2mM MnCl2, 0.5 g/L BSA and 0.1%(v/v) B-
mercaptoethanol at a pH of 7.4) was thawed, warmed rapidly to 37oC, and added to the well. 
The change in absorbance at 410nm was measured every 3 minutes over a half-hour period 
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(Ward et al., 1997). A calibration curve was obtained using microcystin LR (Sigma). The 
toxin production was assayed using the PPI assay and HPLC. After obtaining the results for 
the 30-day growth experiment the toxin production was quantified using HPLC. 
 
HPLC: 
The mobile phase was a 60:40 acetonitrile:water solution used at a flowrate of 1ml/minute. A 
Waters C18 reverse-phase column with dimensions of 4.6x250mm was used on a Beckman 
system Gold Programmable Solvent Module 126, with a Beckman System Gold Diode Array, 
using a single wavelength scan at 238nm and a multi-wavelength scan from 200-300nm. A 
calibration curve was obtained using microcystin LR (Sigma). 
 
 
4.3 Results and Discussion 
 
For this section biofilm thickness is represented as the cell dry mass (ng) divided by the 
biofilm-covered surface (mm2). Specific yield of toxin is represented by total toxin produced 
(ìg) divided by the dry mass of the cells (mg) and toxin production per unit area is expressed 
as total toxin produced (ng) divided by the biofilm-covered surface area of the membrane 
(mm2). 
 
4.3.1 Assessment of toxin production over a 30 day period using ESCM in 35cm CM 
modules 
Data (Figure 4.2) showed the toxin content per cell to increase over a thirty-day period. No 
distinct trend appears with toxin production relative to area with increasing time. When the 
data was placed in order of increasing biofilm thickness (Figure 4.3) an increase in total toxin 
production per unit area of membrane was observed, while toxin content per cell remained 
similar. What was of importance with regards to Figure 4.3 and 4.5 was that biofilms of 
different ages were being compared. Two biofilms that had exactly the same biofilm density 
could not be compared if there was a large difference between their times of inoculation and 
sacrifice, as cells might still be adjusting their internal physiology according to the 
immobilized environment. 
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Figure 4.2: Comparison of the toxin production per cell and toxin production per unit area and biofilm 
thickness over a thirty day period determined by the PPI assay (Data from day 24 omitted). : Specific yield of 
toxin (mg/g)  : toxin production per unit area (ng/mm2). Data shown in Appendix in Table A.3. 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Specific toxin yield and toxin production per unit area plotted as a function of increasing biofilm 
thickness (data from day 24 omitted). : Specific yield of toxin (mg/g)  : toxin production per unit area 
(ng/mm2) . Data shown in Appendix in Table A.3. 
 
4.3.2 Assessment of toxin production over 7 day period using ESCM in 35cm CM 
modules 
Figure 4.4 showed toxin production to be erratic and did not conform to a trend when 
expressed as a function of time. Toxin content per cell appeared to increase, decrease, and 
then increase again. Toxin production relative to surface area appeared to decrease over the 
time period (Figure 4.5). The results could not be considered in isolation, as biofilm thickness 
appeared to play a pivotal role in the toxin production capacity per biomass, as well as per 
unit area of membrane. It was not possible to establish biofilms of equal thickness using the 
externally skinless polyethersulfone membranes, which made experiments such as this very 
difficult to analyze due a primary factor in toxin production not being constant. 
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Figure 4.4: Specific toxin yield, toxin production per unit area and biofilm thickness over a seven day period. 
: specific yield of toxin (mg/g) : toxin production per unit area (ng/mm2)  :¨ biofilm thickness (ng/mm2). 
Data shown in Appendix in Table A.4.  
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Figure 4.5: Specific toxin yield and toxin production per unit area plotted as a function of increasing biofilm 
thickness (ng/mm2). : Specific yield of toxin (mg/g)  : toxin production per unit area  (ng/mm2). Data shown 
in Appendix in Table A.4. 
 
4.3.3 Assessment of toxin production with various biofilm thicknesses for a 10 day 
period with two nitrate concentrations in ESCM in 35cm CM modules 
 
The aim of this experiment was to determine the affect biofilm thickness would have upon 
toxin production per cell as well as per unit area. The affect of two nitrate concentrations 
upon differing biofilm thicknesses was also assessed. Theoretically, if only a thin portion of 
the biofilm was producing toxin, the thicker biofilms would have had a greater quantity of 
cells in the stationary phase of growth, and therefore a lowered specific yield of toxin. Figure 
4.6a represents the biofilms exposed to a nitrate concentration of 20mM and Figure 4.6.b 
represents the biofilms exposed to a nitrate concentration of 1mM. Modules were placed in 
order of increasing biofilm thickness for each nitrate concentration.   
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Figure 4.6: Specific toxin yield and toxin production per unit area plotted as a function of increasing biofilm 
thickness. (ng/mm2). a) Modules that had BG-11 at 20mM nitrate concentration while b) depicts the results of 
modules that had BG-11 at 1mM nitrate concentration. : Specific yield of toxin (mg/g).  : toxin production 
per unit area (ng/mm2). Data shown in Appendix in Table A.5. 
 
In Figure 4.6a the thinner biofilms (2.78 to 4.62ng/mm2) displayed the lowest toxin content 
per cell. The nutrients available to cells were in excess such that cells were not nutrient 
stressed and therefore had a lowered microcystin content. Microcystin content per cell 
increased with a biofilm thickness from 5.4 to 9.68ng/mm2, but the increase was not 
substantial relative to the increase displayed by cells in batch cultures from lag phase to late 
exponential growth phase. Toxin production per unit area showed a steady increase with 
increasing biofilm thickness. Theoretically, as the biofilm thickness increased further, a 
thickness would have been reached where a greater amount of cells would have been in the 
late stationary growth phase, which is less productive. The toxin content per cell would have 
decreased through biomass dilution and production per unit area would have eventually have 
leveled out. The efficiency of specific toxin production was not as important as total 
production of toxin per unit area of membrane, and thicker biofilms produced more 
microcystin per unit area. 
 
With the lower nitrate concentration (1mM) there was a lower microcystin content per cell 
(Figure 4.6b), which decreased as biofilm thickness increased. Although there was no trend 
observed with microcystin production per unit area relative to biofilm thickness, there was a 
marked overall decrease relative to the cells exposed to 20mM nitrates. The amount of 
nitrates reaching the bacteria was low and therefore used up quickly, not allowing for a 
proper nutrient gradient to be established. Even a thin biofilm (2.42ng/mm2) could barely 
support toxin production at these lowered nitrate levels. 
 
a b 
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4.3.4 Matrix experiment to determine the effects of time, light intensity, nitrate 
concentration and biofilm thickness variation using ESCM in CM modules 
 
The matrix experiment was designed such that the predominant variables that affected 
microcystin production under immobilized conditions (time, nitrate concentration, light 
intensity, and biofilm thickness) could be tested in a relatively short time period using as few 
modules as possible to obtain the maximum possible data. The data obtained (Table 4.3) 
compared too many parameters to allow for an individual comparison.  
Table 4.3: Parameters and results for the matrix experiment. 
No Light 
intensity 
(lux) 
Time [NO3
2-] 
(mM) in 
BG-11 
Relative 
biofilm 
thickness 
Biofilm 
thickness 
(ng/mm2) 
Specific 
yield of 
toxin 
(mg/g) 
Toxin per 
unit area 
(ng/mm2) 
1 700 5 hrs 20mM thin 3.64 1.887 6.89 
2 700 5 hrs 20mM thick 5.84 0.488 2.85 
3 700 5 hrs 1mM thin 2.75 0.479 1.32 
4 700 5 hrs 1mM thick 7.76 0.398 3.09 
8 700 4 days 20mM thin 2.80 1.249 3.50 
7 700 4 days 20mM thick 8.29 0.564 4.67 
6 700 4 days 1mM thin 3.42 0.653 2.24 
5 700 4 days 1mM thick 7.45 0.648 4.83 
11 5900 5 hrs 20mM thin 4.50 0.463 2.09 
12 5900 5 hrs 20mM thick 5.98 0.568 3.39 
9 5900 5 hrs 1mM thin 5.55 0.499 2.77 
10 5900 5 hrs 1mM thick 9.55 0.514 4.91 
15 5900 4 days 20mM thin 4.96 0.811 4.03 
16 5900 4 days 20mM thick 9.88 0.293 2.90 
13 5900 4 days 1mM thin 5.62 0.366 2.05 
14 5900 4 days 1mM thick 9.15 0.608 5.56 
 
The trend of increased production per unit area was evident when comparing data with 
regards to increasing biofilm thickness (Figure 4.7). Specific toxin production decreased and 
then levelled out as the biofilms became thicker. 
 
 
 
 
 
 
 
 
 
Figure 4.7: Specific toxin yield and toxin production per unit area plotted as a function of the biofilm thickness. 
: specific yield of toxin  : toxin production per unit area. Data shown in Table A.6. 
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Figure 4.8: Specific yield of toxin for cells exposed to left) the lower light intensity and right) higher light 
intensity. ht: longer time on membrane. lt: shorter time period on membrane, hn: higher nitrate concentration, ln: 
lower nitrate concentration, hb: thicker biofilm, lb: thinner biofilm. 
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Figure 4.9: Specific yield of toxin for the cells immobilized for left) shorter time period and right) longer time 
period. hn: higher nitrate concentration, ln: lower nitrate concentration, hb: thicker biofilm, lb: thinner biofilm, 
ll: lower light intensity and hl: higher light intensity. 
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Figure 4.10: Specific yield of toxin for cells exposed to left) lower nitrate concentration and right) higher 
nitrate concentration. ht: longer time on membrane. lt: shorter time period on membrane, hb: thicker biofilm, lb: 
thinner biofilm, ll: lower light intensity and hl: higher light intensity. 
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Figure 4.11: Specific yield of toxin for left) thinner biofilms and right) thicker biofilms. Ht: longer time on 
membrane, lt: shorter time period on membrane, hn: higher nitrate concentration, ln: lower nitrate concentration, 
ll: lower light intensity and hl: higher light intensity. 
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Figure 4.12: Toxin produced (ng) per unit area of membrane (mm2) for left) the lower light intensity and right) 
higher light intensity. ht: longer time on membrane, lt: shorter time period on membrane, hn: higher nitrate 
concentration, ln: lower nitrate concentration, hb: thicker biofilm, lb: thinner biofilm. 
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Figure 4.13: Toxin produced (ng) per unit area of membrane (mm2) for the cells immobilized for left) shorter 
time period and right) longer time period. ht: longer time on membrane. hn: higher nitrate concentration, ln: 
lower nitrate concentration, hb: thicker biofilm, lb: thinner biofilm, ll: lower light intensity and hl: higher light 
intensity. 
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Figure 4.14: Toxin produced (ng) per unit area of membrane (mm2) for cells exposed to left) lower nitrate 
concentration and right)  higher nitrate concentration. ht: longer time on membrane.  lt: shorter time period on 
membrane, hb: thicker biofilm, lb: thinner biofilm, ll: lower light intensity and hl: higher light intensity. 
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Figure 4.15: Toxin produced (ng) per unit area of membrane (mm2) for left) thinner biofilms and right) thicker 
biofilms. ht: longer time on membrane, lt: shorter time period on membrane, hn: higher nitrate concentration, ln: 
lower nitrate concentration, ll: lower light intensity and hl: higher light intensity. 
 
The specific yield of toxin was clearly greater for cells exposed to the lower light 
concentration of 700lux (Figure 4.8). Other than for one biofilm grown for the shorter time 
period, majority of the samples grown for the longer time period have a higher specific yield 
of toxin (Figure 4.9). The cells exposed to the higher nitrate concentration are also 
predominantly higher in specific toxin yield than the cells exposed to a lower concentration 
of nitrates (Figure 4.10). From Figure 4.11 it is clear that cells contained in thinner biofilms 
have a better specific yield of toxin. 
 
The toxin production per area did not show great variance with regards to light intensity or 
immobilization time period Figure 4.12 and 4.13. The higher nitrate concentration appeared 
to have a marginally better toxin production per unit area (Figure 4.14). There was a distinct 
increase in toxin per unit area with increased biofilm thickness, as was to be expected as there 
were far more cells to produce toxin over a certain area. 
 
When all the data for a particular parameter (e.g. high light intensity or low nitrate 
concentration) were averaged the same trends were clear even with the variation of four 
major parameters affecting toxin production and manufacturing inconsistencies present in the 
membrane. Nitrate concentration and biofilm thickness and light intensity to be the three 
factors that had the greatest effect on toxin production per cell. Cells exposed to a higher 
nitrate concentration (20 versus 1mM) and a lower biofilm thickness (4.2 versus 8.0ng/mm2) 
and a lower light intensity (700 versus 5600lux) had significantly higher toxin content. There 
was little difference regarding toxin content of the cells that had been immobilized for five 
hours and those that had been immobilized for four days. With toxin production per area 
biofilm thickness variation was the only parameter to display a notable difference. A thick 
 62 
biofilm, longer time period, lower light intensity and higher nitrate concentration were 
conducive to an increased production of toxin per mm2 of membrane. 
 
4.3.5 Ceramic module 
The thicker biofilms had over double the cell mass per area than those in the CM modules. A 
greater portion of non-productive cells would dilute microcystin amongst the dry mass, such 
that for the same volume of solvent far less microcystin would be extracted. The thinner 
biofilm with a low nitrate concentration would result in the same problem. As can be seen in 
Table 4.4 only a thin biofilm, with a high nitrate concentration, produced detectable amounts 
of toxin in the ceramic module, even with extracts concentrated 20 times. 
 
Table 4.4: Results for biofilms inoculated upon the ceramic membrane. 
Nitrate 
concentration 
Biofilm 
thickness 
Specific 
toxin yield 
of inoculum 
(ìg/mg)  
Biofilm 
thickness 
(ng/mm2) 
Specific 
yield of 
toxin 
(ìg/mg) 
Toxin 
production 
per area 
(ng/mm2) 
1mM Thin 0.58 13.41 0 0 
20mM Thin 0.34 9.49 0.78 7.4 
1mM Thick 0.85 19.83 0 0 
20mM Thick 0.66 21.33 0 0 
 
4.3.6 Induction of secondary metabolite production by complete nutrient deprivation 
under a high light intensity 
The buoyant culture displayed little change in microcystin content over the 18 hour time 
period (Figure 4.17). These cells were thought to be actively dividing and rich in storage 
granules. The cells settled within the first two hours of experiment, indicating a physiological 
response to the high light intensity, by breaking down their gas vesicles. The microcystin 
content in nonbuoyant cells decreased such that by the end of the 18 hours there was no 
detectable toxin present.  
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Figure 4.16: Toxin production per cell mass for the two cultures under complete nutrient deprivation and a high 
light stress shown as a function of time. Å: specific yield of toxin for nonbuoyant cells ¨: specific yield of toxin 
for buoyant cells. Data shown in Appendix in Table A.12. 
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Greatest toxin production with batch cultures occurred when there was a specific amount or 
ratio of nutrients available to the cells. The data obtained in this experiment suggests that 
when no nutrients were available to the bacteria they did not produce microcystin, and that 
there is a minimum nutrient concentration requirement for microcystin production.  
 
4.4 Conclusions 
There appeared to be a great variation in toxin production per cell and unit area of membrane 
with time variation. The primary reason for the variation was that the biofilms were not of 
equal density. When the data was plotted relative to biofilm density, trends were more 
evident; indicating that the cells had acclimatized to immobilized conditions fairly rapidly 
(within 5 hours). Of the parameters tested nitrate concentration, biofilm thickness and light 
intensity had the greatest effect upon microcystin production under immobilized conditions. 
 
Of the biofilm thicknesses tested thinner ones were more efficient for specific toxin 
production. The thicker biofilms had a greater yield of microcystin per unit area. The relative 
differences in specific toxin production were small in comparison to the differences between 
production per unit area. 
 
A moderate light intensity of 700lux had greater microcystin production per cell and unit area 
than a more intense one of 6000lux. Cells in their natural environment could decrease their 
gas vesicle content to escape dangerous light intensities, whereas immobilized bacteria could 
not. 
 
Higher nitrate concentrations (20mM) in the nutrient medium resulted in increased 
microcystin productivity per cell and unit area. The complete nutrient deprivation and biofilm 
thickness variation with differing nitrate concentrations established that there was a minimum 
nitrate requirement for microcystin production. 
 
The data obtained suggests that microcystin is produced much like a primary metabolite. 
When cells are in the stationary growth phase or not metabolically active its concentration 
decreases. With large variations in cell density microcystin concentration per cell remained 
fairly constant. 
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Chapter 5 
Evaluation of externally skinless polyethersulfone membrane 
 
5.1 Introduction 
Literature regarding initial experiments to immobilize the fungus Phanerochaete 
chrysosporium made it evident that the conventional ultrafiltration capillary (IPS 748 
polyethersulfone) membranes performed poorly as an immobilization matrix for whole cel 
biofilms. This poor performance was ascribed to 1) a low flux, which made the filtration 
inoculation of the spores a lengthy and tedious procedure 2) a lower surface area that limited 
biomass anchorage, which would lead to sloughing of the biofilm with a small increase in 
flux and 3) the presence of an external skin, which made the biomass penetration into the 
spongy wall of the membrane very difficult, also leading to poor anchorage. It was reasoned 
that the ideal membrane for cell immobilization should have had a thin internal skin, and no 
external skin, to reduce membrane resistance. The annular wall should consist entirely of 
narrow-bore, closely packed finger-like cavities radiating outwards from just below the skin 
layer (Burton et al., 1998 and Jacobs and Leukes, 1996). 
 
By adjusting the casting solution formulation and coagulation protocols membranes can be 
produced that are internally or externally skinned, have a dense honeycomb or tear-shaped 
macrovoid substructure morphologies and are ultrafilters or microfilters. If the membrane is 
cast into a strong non-solvent, the membrane will have a noticeable skin on the outside. If the 
membrane is cast into a weak non-solvent or a weak solvent, an imperfect external skin 
results. Likewise the core fluid can be of similar composition, in which case a skin may or 
may not result on the inside. The extruded membrane is drawn away from the spinneret 
mechanically. If a weak non-solvent or a weak solvent is used as the core coagulant, the 
viscosity of the internal wall remains relatively low and the membrane can be drawn to sizes 
a magnitude smaller than extruded. If a strong non-solvent is used as the core coagulant the 
skin reaches maximum viscosity almost immediately and drawing at this stage will have 
relatively little effect on the membrane diameter (Jacobs and Barnard, 1997). When the 
definition of the external skin is reduced the overall membrane resistance is reduced and the 
specific flux properties of the membrane are increased. Even a slight external skin layer 
would hinder free/ convective transport of spores into the finger-like cavities of the 
macrovoids, leading to a nonuniform inoculation of the membrane (Burton et al., 1998). 
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Cyanobacterial cells were concentrated into pores and onto the outer surface of the membrane 
by filtration of a cell suspension. The ECS outlet was sealed and the suspension medium was 
forced into the lumen under pressure created by a peristaltic pump. An immobilized cell layer 
was clearly visible due to chlorophyll content of the cells, and it was easy to ascertain where 
immobilization had occurred along the membrane. An initial batch of externally skinless 
polyethersulfone capillary membranes (ESCM) had allowed for inoculation of up to 98% of 
the surface area biofilm, while a subsequent batch had coverage as low as 5%. A third batch 
had no visible signs of biofilm retention, as no liquid would pass from the extra-capillary 
space into the lumen, even under a pressure of 150kPa for 5 minutes. The membranes from 
the third batch had been dried more rapidly (referred to in text as quick-dried batch). During 
immobilization the ECS pressure would increase at different rates for different modules of 
equal dimensions, which would lead to variability in biofilm thickness. It was essential to 
understand what the exact cause of this variability was, as once the cause was known it might 
have been rectified or prevented. 
 
The objective of the work presented in this chapter was to establish what physical differences 
within the membrane impaired cyanobacterial immobilization. Membrane sections of equal 
length were compared on the basis of mass in order to substantiate the variation of membrane 
structure. This was taken further by cutting liquid nitrogen-frozen membrane sections from a 
batch that had zero visible immobilization and a batch that displayed the normal partial 
surface coverage after inoculation. The sections that were cut from the normal batch were 
taken from a portion of the membrane that exhibited cell attachment as well as a portion 
visibly devoid of cell attachment. 
 
Results from a prior experiment relating the biofilm thickness to a parameter such as the 
increase in ECS pressure before and after inoculation, the top pressure during inoculation 
after a certain time period, time taken for the ECS pressure to return to zero after inoculation 
were included in this chapter, as no trends were observed with data obtained. The pressure 
readings and times were measured using Milli-Q water and during a cell inoculation. 
 
5.2 Methods and Materials 
5.2.1 Mass comparison of membrane sections 
A scalpel was used to cut random 15mm sections from four membrane portions, from a batch 
that had allowed for reasonable biofilm attachment (approximately 85-95% coverage). These 
sections were weighed with a Mettler Toledo AB104 microbalance.  
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5.2.2 SEM analysis of membrane sections  
SEM samples (Figures 5.3 to 5.7) were prepared by freezing membrane portions in liquid 
nitrogen and cutting sections perpendicular to the lumen using a scalpel. Samples were fixed 
to a SEM stub with double -sided carbon tape, goldcoated with a Balzars coating unit at a low 
pressure (0.05torr) in an argon atmosphere at a current of 25mA for a period of two minutes. 
The samples were observed with a Jeol JSM 840 scanning electron microscope and 
micrographs were taken of a side view and the outer surface of the membrane sections.  
 
5.2.3 Relationship of biofilm thickness to inoculation pressure parameters  
The time taken to reach maximum pressure, the maximum pressure and the time taken to 
reach zero pressure were measured for 12cm CM modules at 3 flowrates (1.2, 5 and 
11ml/min). Data was obtained by first flushing with Milli-Q water and then monitored during 
an  inoculation. Biofilm thickness was measured using the SEM (samples were cut with a 
scalpel while frozen (liquid nitrogen), freeze-dried, fixed to a stub (colloidal silver), 
goldcoated in a Nanotech SEMPREP 2 Sputtercoater for 2.5 minutes at 0.1torr at a current of 
20mA, and viewed and photographed with a Philips XL30 scanning electron microscope). 
 
5.3 Results and discussion 
5.3.1 Mass comparison of membrane sections 
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Figure 5.1: Weights of 15mm sections from four membrane portions produced in a batch that had a percentage 
coverage of 85-95%. 
 
Figure 5.1 conclusively shows the variability within the membranes. Masses of portions 
within a small membrane sample vary by as much as 15%, but the major problem was 
evident when the membrane samples were compared. Average weights for the four samples 
were 70.6, 125.8, 140.2 and 153.8mg, which was a difference of up to 100% within the same 
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batch. Such a great variation in mass in equally sized sections indicated that there was 
variation of structure along a membrane portion and great variation within a membrane batch. 
 
5.3.2 SEM of membrane sections 
 
 
 
 
 
 
 
 
Figure 5.2: Photomicrographs at a magnification of 64 times of an a) externally skinned and b) externally 
skinless membrane surface (Jacobs and Leukes, 1996).  
 
 
 
 
 
 
 
 
 
                                         
Figure 5.3: Typical membrane morphology that resulted in inoculation of pores close to the a) external skin 
(magnification of 420 times), and b) the lumen (magnification of 440 times).  
 
Figures 5.2a and 5.2b display the morphological differences expected between an externally 
skinned and externally skinless membrane respectively. Figure 5.3a and 5.3b showed the 
internal skin and external skin thickness of membrane portions upon which immobilization 
occurred. From Figures 5.4 through 5.8 it was clear that the membranes produced were not 
externally skinless, but externally thin-skinned. 
 
                                         
Figure 5.4: External surface of the quick-dried membranes at magnifications of a) 214 and b) 268 times. 
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Figure 5.5: a) Transverse section of the quick-dried membrane that showed the poorly formed voids and a thick 
inner skin (magnification of 24 times). b) A transverse section of the same membrane, but with pore 
openings visible on the external skin (magnification of 123 times).  
 
 
The outer surface of the quick-dried batch was of a quality conducive to immobilization. 
From Figures 5.4 and 5.5b it was evident that the pores were not as plentiful as with other 
membrane sections, but were large enough (20 to 30mm) to allow cells to pass through. What 
was clearly evident from Figure 5.5a and 5.5b was that the pores were poorly formed. Their 
spacing was erratic and they only extended halfway into the membrane, which resulted in an 
extremely thick internal skin.  The thick internal skin was the reason for the lack of flux, even 
under 150kPa pressure for 5 minutes. 
 
 
 
 
 
 
 
 
 
     
Figure 5.6: External surface of an uncolonized portion of membrane upon which partial immobilization 
occurred (magnifications of a) 237 times b) 1422 times)).  
 
 
 
  
 
 
 
 
 
 
 
  
                                  
Figure 5.7: External surface of an a) uncolonized portion of membrane and b) a colonized portion of the 
membrane upon which partial immobilization occurred (at a magnification of 355 and 144 times respectively).  
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Figure 5.8: Transverse section of the portion of membrane upon which immobilization a) did not and b) did 
occur (at a magnification of 140 times).                   
 
A previous batch of membrane was examined to determine why immobilization had occurred 
erratically. Although internal void development of colonized and uncolonized portions of the 
membrane was satisfactory and the external skin was thin (Figure 5.8a and 5.8b) there was an 
evident problem with the surface features (Figure 5.5a, 5.5b and 5.7a).  The pore size was 1-
2mm, not nearly large enough for a 5mm cell to pass through. This was much smaller than the 
30 to 40mm pores evident in Figure 5.7b, which was a section of the same membrane that had 
been covered by a biofilm during inoculation.  
 
5.3.3 Relation of biofilm thickness to inoculation pressure parameters 
The differences in time from zero to maximum pressure during inoculation, the maximum 
pressure reached and the difference in time from maximum to zero pressure were measured at 
three flowrates and then compared to biofilm thickness to try establish a relationship. The 
data from the modules were arranged in order of increasing biofilm thickness to allow for 
quick assessment of possible relations to parameters tested. Figure 5.9 relates the data 
obtained for pure water forced across the membrane from the lumen side, while Figure 5.10 
relates the data obtained for the same membranes with a cell suspension on the lumen side. 
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Figure 5.9: Plot of increasing biofilm thickness and time taken to reach maximum pressure, maximum pressure 
and time to reach zero pressure for Milli-Q water. ¨: biofilm thickness (ìm)   :¨ Time to reach highest pressure 
at a constant flowrate (seconds) : Highest pressure at constant flowrate (kPa)    : Time to reach zero pressure 
from highest pressure (seconds).  
  b 
             1.2                                                         5                                                        11 
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Figure 5.10: Plot of increasing biofilm thickness and time taken to reach maximum pressure, maximum 
pressure and time to reach zero pressure during biofilm inoculation. :¨ biofilm thickness (ìm)   :¨ Time to 
reach highest pressure at a constant flowrate (seconds) : Highest pressure at constant flowrate  (kPa)  : Time 
to reach zero pressure from highest pressure (seconds).  
 
 
The increase and decrease in ECS pressure for differing immobilization times was compared 
to the increase and decrease in pressure with water in order to establish any trends that might 
have related to percentage surface coverage or biofilm thickness. Figures 5.9 and 5.10 
(plotted with increasing biofilm thickness) showed no direct trend relating biofilm thickness 
or percentage surface coverage to any of the parameters tested. 
 
5.4 Conclusions 
 
The problems associated with cell immobilization upon the ESCM were attributable to one of 
the following factors or a combination of them: 
 
a) Presence of an outer skin  
b) Non-continuous pores or macrovoids 
c) An internal skin that was so thick that liquid could not pass through to the lumen under 
pressure as high as 150kPa. 
 
These factors combined to produce a morphologically heterogeneous membrane, which made 
the inoculation of equal quantities of Microcystis aeruginosa PCC 7806, using pressure 
inoculation, impossible. One of the main requirements in this study was therefore not 
achievable, as a lack of biofilm thickness consistency would affect all data. Nutrients 
diffusing out of pores of differing lengths, thicknesses, and membranes with differing in 
internal and externally skin thickness would not have equal nutrient gradients.  Differing 
biofilm thicknesses and nutrient gradients across a length of membrane would result in 
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variability in microcystin production within a single module, thereby affecting the data when 
parameters affecting microcystin production were assessed.  
 
Data from SEM micrographs and pressure variation parameters also explained another 
phenomenon encountered during immobilization. There was often a time difference in the 
increase in pressure as immobilization occurred, even though inoculum suspensions were of 
equal cell density and modules were of equal dimensions. If the pore formation occurred at  
slightly differing distances from the lumen and one another during membrane production, the 
resultant membrane could have pores differing in size and distribution, and the internal and 
external skin would vary in thickness. This resulted in differing flux and therefore pressures 
during cell immobilization, which led to differing times required to inoculate modules (from 
20 minutes to in excess of an hour). A faster increase in pressure, resulting from a slower 
flux, exposed the inoculum to a greater pressure for a longer time period before they could 
reach the membrane or biofilm surface. This allowed for increased cell-cell interaction, 
resulting in increased aggregate formation in the inoculum suspension. These aggregates had 
a much lower tendency towards attachment to the biofilm and had to be flushed after 
immobilization, which resulted in thinner biofilms that differed in stability. A faster rise in 
pressure (i.e. decreased flux) lowered attachment of cells and led to a less stable biofilm. 
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Chapter 6 
Localization of microcystin production within a biofilm immobilized on an 
externally skinless polyethersulfone capillary membrane by immunolabelling. 
 
6.1 Introduction 
It was assumed that nutrients diffused from the lumen and were depleted before reaching the 
outer biofilm, while the light intensity would decrease from the opposite direction as a 
function of cell density.  This led to the hypothesis that microcystin was produced somewhere 
in the biofilm where nutrient and light concentrations were optimal, presumably closer to the 
base of the biofilm. Immunocytochemistry is a technique for identifying cellular or tissue 
constituents by means of antibody-antigen interactions, and identifying the site of antibody 
binding either by direct labeling of the primary antibody, or by use of a secondary labeled 
antibody (Bancroft and Stevens, 1996). Elucidation of the region of microcystin production 
was achieved by immunolabelling microcystin-containing cells with a primary antibody to 
microcystin, linking a secondary antibody conjugated to alkaline phosphatase to the primary 
antibody, and then using a colourimetric detection system. 
 
With immunocytochemistry optimal ultrastructural preservation is usually obtained using 
osmium tetroxide in the fixing process, but these fixatives could mask antigenic sites. Strong 
oxidizing agents had been found to unmask protein antigenic sites on gluteraldehyde-fixed 
post-osmicated tissues. Oxidizing agents include a saturated alcoholic solution of sodium 
hydroxide, hydrogen peroxide and periodic acid (Bendayan and Zollinger, 1983; Mar and 
Wight, 1989). 
 
Although the structure and potency of microcystins had been intensively studied, little was 
known of their structural localization until Shi et al. (1995) used immuno-gold labeling to 
elucidate where toxins were most prevalent within M. aeruginosa PCC7820.  A polyclonal 
antibody to microcystin LR generated in rabbits (method in Chu et al., 1989) displayed cross-
reactivity to several microcystins. The majority of antibody binding occurred within the 
thylakoid and nucleoid region, which may have represented the region of synthesis or the 
region of cellular utilization of the microcystins. Some toxin was found in the cell wall and 
sheath area, but none in inclusions such as lipid bodies, polyhedral bodies, cyanophycin 
granules and membrane-limited inclusions. The lack of occurrence near cellular inclusions 
could indicate that the metabolites were involved in a specific cell activity, and not 
functioning as a storage compound. Other studies found okadaic acid, also an inhibitor of PP1 
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and PP2A, only to occur in the chloroplasts of the okadaic acid producing cells. This 
supported the idea that these metabolites might be related to photosynthetic activities (Shi et 
al., 1995). 
 
The objective of this chapter was to elucidate toxin production within a biofilm immobilized 
upon a synthetic membrane. 
  
6.2 Methods and materials  
Slide preparation 
Slides were washed with detergent, rinsed with distilled water, soaked in 95% ethanol for 30 
minutes, air-dried, immersed in acetone containing 2% APES (3- amino- propyl- triethoxy- 
silane) for 10 seconds, air-dried, washed for 5 seconds in pure acetone twice and air-dried.  
 
Sample preparation and immunolabelling 
The monoclonal primary antibody to microcystin LR (generated in mice) was purchased from 
Alexis Corp. It. The secondary antibody was anti-mouse IgG (Fc specific) conjugated to 
alkaline phosphatase purchased from Sigma. Binding was detected with NBT/BCIP (napthol- 
AS- phosphate/diazonium salt) from a DIG system kit for filter hybridization from 
Boehringer Mannheim, which forms a blue precipitate (Bancroft and Stevens, 1996) 
 
Biofilm containing membranes were freeze-dried, set in wax (as previously described in 
Chapter 2), cut in 8ìm thick sections with a microtome, placed on APES-coated slides, 
coated lightly in xylene and left overnight at 37oC. Wax was removed by immersing slides 
for 5 minutes in xylene three times. Cells were rehydrated with an ethanol-water series and 
then blocked in a phosphate buffered saline solution contained Triton X-100 (PBST: PBS at 
0.01M phosphate buffer (pH 7.4), 0.3M NaCl, 0.1% sodium azide and 0.1% Triton X-100) 
with 1% bovine serum albumin (BSA) for half an hour at room temperature. The samples 
were incubated with the primary antibody (at concentrations of 40, 20, 4, 2, 0.2, 0.4 and 
0.004ìg/ml) in PBST for 3 hours at room temperature and 24 hours at 4oC. A control sample 
was incubated with PBST instead of primary antibody. Sections were rinsed three times, 
using PBST, and blocked for half and hour with PBST containing 0.1% BSA. Samples were 
incubated with the secondary antibody (1:40 dilution) in PBST at 37oC for half an hour, 
rinsed three times with PBST and then twice with the buffer used for NBT/BCIP (100mM 
Tris-Cl at pH 9.5 containing 100mM sodium chloride and 50mM magnesium chloride). The 
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samples were incubated with NBT/BCIP (100ìl of the kit stock solution in 10ml buffer) for 4 
hours in darkness, rinsed three times with distilled water, mounted under a cover slip, viewed 
with the light microscope and photographed (The method was an adaptation of information 
from Shi et al., 1995, Bancroft and Stevens, 1996, Oncogene research products catalogue, 
2001 and Boehringer Mannheim Biochemica Dig system user’s guide for filter hybridization, 
1993). 
 
6.3 Results 
All photographs are displayed such that the lumen is either at the base or left-hand side.             
 
            
Figure 6.11: Control cells (exposed to PBST with no primary antibody) at a magnification of 256 times. 
 
                
Figure 6.12: Immobilized cells exposed to a primary antibody concentration of a) 40ìg/ml at a magnification of 
100 times and b) 20ìg/ml at a magnifications of 64 times. 
 
                
Figure 6.13: Immobilized cells exposed to a primary antibody concentration of 20ìg/ml at a magnification of 
64 times. 
 
 
 a  b 
 b  a 
   b   a 
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Figure 6.14: Immobilized cells exposed to a primary antibody concentration of a) 4ìg/ml at a magnification of 
284 times and b) at a magnification of 256 times. 
 
                    
Figure 6.15: Immobilized cells exposed to a primary antibody concentration of a) 2ìg/ml at a magnification of 
256 times and b) at a magnification of 418 times. 
             
                       
Figure 6.16: Immobilized cells exposed to a primary antibody concentration of a) 0.4ìg/ml at a magnification 
of 256 times and b) 0.4ìg/ml at a magnification of 641 times. 
    
.                      
Figure 6.17: Immobilized cells exposed to a primary antibody concentration of a) 0.4ìg/ml at a magnification 
of 641 times and b) 0.2ìg/ml at a magnification of 641 times. 
a       b 
b 
 b a 
a 
 a  b 
 76 
                     
Figure 6.18: Immobilized cells exposed to a primary antibody concentration of a) 0.2ìg/ml and b) 0.4ìg/ml 
(both at a magnification of 641 times). 
 
 
6.4 Discussion and conclusions  
The control cells, which were treated with PBST not containing the microcystin antibody, did 
not yield any distinguishable staining (Figure 6.1a and 6.1b). Staining at the highest primary 
antibody concentration of 40ìg/ml (Figure 6.2a) yielded no visible differences between cells. 
Cells within the pores and outer biofilm were darkly stained. With lower concentrations, 
staining became more selective, and it was possible to ascertain where in the biofilm 
microcystin production was greatest. At a primary antibody dilution of 20ìg/ml it appeared 
that toxin production occurred at the base of the biofilm just above the membrane outer 
surface (Figure 6.2b and 6.3a and 6.7b); presumably where light and nutrients were at 
concentrations conducive to toxin production. Cells inside the pores receive the greatest 
amount of nutrients and the least light, and did not have a high microcystin content. Cells 
outside the pores displayed greater staining, which corresponded to lower nutrient and higher 
light concentrations, in accordance to the gradostat concept. 
 
With primary antibody concentrations of 0.2, 0.4, 2 and 4ìg/ml (Figures 6.4 to 6.5) it was 
evident that cells in the outer biofilm that contained the greatest quantities of microcystin 
were not just at the base of the biofilm, but occurred in clusters around the area where the 
pore opened to the outer membrane surface. Cells were producing toxin in a vein from the 
pore opening at the membrane surface to the outer biofilm layers (Figures 6.4b and 6.7b), 
instead of a concentric band extending from the outer membrane base, as was expected. For 
this to have occurred nutrients were passing from the pore outwards relatively fast, and then 
diffusing laterally into the biofilm (parallel to the lumen) relatively slower, and not in a 
gradual gradient from the base. This concept is expanded in Chapter 8. Presumably channels 
were formed between the cells during immobilization, to allow suspension medium to pass 
from the extra-capillary space into the lumen. These channels allowed nutrients to diffuse to 
 b a 
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the outer biofilm layers faster than would have occurred through a solid biofilm. Diffusion of 
the nutrients would then have occurred sideward in the true gradostat fashion, resulting in a 
vein of maximal microcystin production in the biofilm above the membrane pore.  
 
At a primary antibody dilution of 0.4 and 0.2ìg/ml it was seen that even within the veins the 
microcystin production is greatest at the point of contact with the external membrane pore 
surface. Figures 6.6b and 6.8a all showed a cluster of cells, above the pores but below the 
outer biofilm surface, producing microcystin. This was also visible at a primary antibody 
dilution of 2ìg/ml in Figure 6.6a. 
 
Microcystin was produced in a dome shape just above the pore when there was enough 
distance between them not to allow for a nutrient overlap (Figure 6.8b). The gradostat 
concept was not adhered to completely due to a) distance between the pores and b) the 
channels formed in the biofilm during immobilization. Cells situated in outer biofim layers 
were receiving more nutrients than cells situated between pore spaces at the outer membrane 
surface. 
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Chapter 7 
Cell permeabilization and solvent extraction  
 
7.1 Introduction 
Increasing permeability of cell membranes while retaining cell viability would allow for 
continuous extraction of microcystin from M. aeruginosa PCC7806 immobilized on the 
synthetic membrane. Microcystis aeruginosa PCC7806 has a thick extracellular 
polysaccharide (EPS) layer however, which poses a problem in the removal of intracellular 
constituents. Methods for extraction of extracellular polymer include high-speed 
centrifugation, steaming, EDTA treatment, NaOH treatment, and ultrasonication (Brown and 
Lester, 1980). This thick EPS layer plays a crucial role in the attachment of the bacterial cells 
to the membrane surface. Removing it might enhance extraction of metabolites from the cell, 
but would prevent biofilm formation. Exposure to an organic solvent at a low concentration 
might permeabilize the bacteria, such that intracellular compounds like microcystin might be 
released from the live cell. This would be a great advantage as immobilized bacteria would 
not have to be dislodged from the biofilm to extract microcystin potentially destroying the 
biofilm.  
 
Literature regarding the reversible permeabilization of plant root cells showed the process to 
consist of the following three steps: 1) destabilizing plant tissue membrane to effect partial 
release of a plant secondary metabolite; 2) removing the secondary metabolite to enhance the 
diffusion gradient and thereby increase secondary metabolite efflux; and 3) restabilizing the 
plant tissue membrane to inhibit secondary metabolite release. Partial release is important, 
because if the level of secondary metabolite released is too high, the cells may become 
nonviable (WS3). The cell membrane should be exposed to a permeabilizing agent at an 
appropriate concentration and temperature for an appropriate length of time. Examples of a 
permeabilizing agents are substances such as (NH4)2SO4 and EDTA, which prevent the 
binding of divalent cations to plant cell membranes. Membrane destabilization can also be 
accomplished by excluding membrane stabilizers (e.g., divalent cations) from the culture 
medium. Permeabilizing agents can be used alone or in combination with other 
permeabilizing agents and/or other methods of destabilizing the plant cell membrane (WS3). 
 
Subsequent to destabilizing the plant membrane, solvents can be added to the plant culture 
medium to effect greater extraction of secondary metabolites. Some secondary metabolites 
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are non-polar compounds, and therefore are not soluble in the culture medium, which is 
generally an aqueous solution. A non-aqueous solvent, which does not decrease the plant 
tissue viability, can be added to the plant tissue surroundings (e.g., the culture medium) to 
enhance extraction of non-polar secondary metabolites. Alternatively, the permeabilizing 
agent itself can be a non-aqueous solvent (WS3). 
 
Flourescein diacetate hydrolysis was to serve as an indicator of cell viability after solvent 
exposure. Flourescein and flourescein derivatives are widely used in cellular staining 
techniques as they can be excited at the popular 488nm line of an argon laser, have high 
extinction coefficients, high quantum yields (pH dependent), and a low excited-state lifetime. 
They may also be easily loaded into intact esterase-containing cells by incubation with the 
respective diacetyl esters. It is generally assumed that non-polar esterified compounds such as 
FDA diffuse freely into the intact cells, although this has never been verified. An active 
uptake mechanism for FDA in erythrocytes, CHO cells and HeLa cells has been suggested. 
The fluorescent signal cells loaded with flourescein, or a flourescein derivative, depends 
largely on the internal concentration of the probe and the pH. The concentration is dependent 
on the uptake and hydrolysis (by non-specific esterases) of the non-fluorescent precursor and 
the efflux of the fluorescent product. This may be attributed to diffusion outwards from the 
cellular to local environment as a result of a concentration gradient or an energy dependent 
process most likely via a secondary transport system (Breeuwer et al., 1994; Breeuwer et al., 
1995). 
  
Staining by flourescein diacetate (FDA) or related compounds is principally based on the 
assumption that only cells that have an intact membrane are able to accumulate the 
fluorescent probe. It has been shown that the criterion of membrane integrity for viability is 
limited. The distinction between stained cells and (which are considered viable) and 
unstained cells (considered nonviable) is not absolute. Cells no longer able to reproduce that 
have an intact membrane are still stained (Breeuwer et al., 1994). 
 
The objective of this chapter was to permeabilize the cyanobacteria such that it would release 
intracellular compounds, while not losing cell viability. FDA hydrolysis had to be optimised 
in order to use it as an indicator of cell viability.  In addition a single-step extraction of 
microcystin was attempted using live bacteria, in order to reduce the accepted protocol’s 
extraction time of three days. 
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7.2 Methods and materials  
7.2.1 FDA hydrolysis optimization 
A nonbuoyant culture was used to optimize FDA hydrolysis, as it displayed a superior 
immobilization potential to buoyant cells.   
 
7.2.1.1 Method of FDA addition 
There were two methods by which FDA could be added to the cell suspensions, and their 
efficiency was established in the following manner, using three cell concentrations and three 
FDA concentrations (10, 20 and 30ìgFDA/ml). Cells were pelletted in Eppendorf tubes and 
washed twice with Milli-Q water. Half of the samples were suspended in PBS (pH 7.05) and 
the other half remained as pellets in the tubes. The suspended cells were aliquotted to three 
wells in a 96-well plate in 300ìl quantities, and FDA was added directly from the stock 
solution (at 1500ìg/FDA/ml acetone) to the wells to reach the appropriate concentration. The 
pelletted cells were suspended in a 1ml solution with PBS, already containing the FDA at the 
desired concentration, and then three, 300ìl samples were aliquotted to the wells.  
 
7.2.1.2 Variation of FDA and cell concentrations 
Eight cell suspensions with differing cell suspension densities were each tested for FDA 
hydrolysis at three different FDA concentrations (5, 15 and 30ìgFDA/ml). FDA was 
premixed with PBS just prior to absorbance readings being taken. Measurements were made 
of FDA hydrolysis at 490nm, the cell density at OD740 and the chlorophyll content at Abs665.  
 
7.2.1.3 FDA calibration graph 
Sixteen cell concentrations were assessed in triplicate for FDA hydrolysis at a concentration 
of 15ìgFDA/ml. Cells were washed twice with Milli-Q water, suspended in PBS containing 
FDA at 15ug/ml (from a stock solution of 4000mg FDA/ml acetone) and FDA hydrolysis was 
measured every 15 minutes over a period of 2.5 hours. Cell density was measured at OD740 
and the chlorophyll content at Abs665. 
 
7.2.2 Solvent exposure of M. aeruginosa PCC7806 in order to increase permeability but 
maintain cell viability 
In literature cell membrane permeabilizers such as dimethyl sulfoxide (DMSO), Tween and 
methanol were mentioned (WS3). Solvents that have been used in the extraction of 
chlorophyll from freeze-dried cells include ethanol and DMSO/acetone (Webb et al., 1992). 
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DMSO, Tween, methanol, acetone, acetonitrile, acetic acid and a combination of 
acetone/DMSO were assessed as permeabilizing agents. If solvent-exposed bacteria were 
more permeable then FDA should have diffused into the cell at a faster rate than the original 
cells. The rate of FDA hydrolysis was to be expressed as a percentage of the rate of 
hydrolysis obtained from the control cells. With this standardized result any number greater 
than 100 represented an increase in FDA hydrolysis, and thus an increase in cell permeability. 
After it was established whether the bacteria could be permeabilized without extensive 
viability loss, the medium was to be tested for the presence of microcystin.  
 
Nonbuoyant cultures, cultivated in airlift reactors at late exponential growth phase, were used 
in the solvent permeabilization and extraction experiments. Table 7.1 refers to the solvents, 
their concentrations, the length of time that the bacteria were exposed to them, and tests 
additional to the assessment of the FDA hydrolysis. 
 
Table 7.1: Cell exposure times to various solvent concentrations and tests performed on cells  
Experiment no. 7.2.2.1 7.2.2.2 
Cell no.ml 4x1011 9x1011and 5x1012 
Exposure times 5 minutes 5, 30 and 120minutes 
Solvents and 
concentrations 
Methanol at 5, 10, 20, and 30%. Methanol at 5, 10, 20, 30 and 
40% 
 Acetone at 5, 10, 15 and 20%. Acetone at 5,10, 15, 20, 30 and 
40% 
 Tween at 2, 5, 20 and 30%* Tween at 5, 15 and 30%* 
 Acetonitrile at 5, 10, and 15%. Acetonitrile at 5, 15 and 30% 
 Concentrated acetic acid at 5 and 
10%. 
Acetic acid at 2% 
 DMSO at 5, 10, 15, 20,25 and 
30%. 
DMSO at 5, 10, 15, 20, 25, 30 
and 40% 
 Combination of DMSO at 15% 
with acetone at 10%). 
 
Tests done FDA hydrolysis, OD740 and 
Abs665  
FDA hydrolysis, OD740, Abs665 , 
TEM, growth and chlorophyll 
increase 
        *From a saturated Tween-water solution. 
 
7.2.2.1 FDA hydrolysis to determine cell permeability  
A cell suspension was concentrated such that the OD740 of 300ml in a multi-well plate had a 
reading of between 0.035 and 0.055. The suspension was centrifuged twice, while in an 
Eppendorf tube, with the majority of the supernatant being aspirated after the first 
centrifugation and the remainder carefully aspirated after the second centrifugation. The cells 
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were washed twice, suspended in an appropriate volume of Milli-Q water and vortexed. 
Solvent was added such that the desired concentration and volume were achieved, samples 
were vortexed and left in a CE room at 25oC for the required time period.  After the exposure 
period the cells were pelletted and the supernatant was aspirated into another Eppendorf tubes 
and stored at –5oC. Cells were washed three times with Milli-Q water and suspended in 1ml 
of PBS with FDA at a concentration of 15ugFDA/ml (FDA was added to the amount of PBS 
that would be needed for all samples just prior to sampling) three 300ml aliquots were 
transferred to a 96 well plate and measured for change in absorbance at 490nm at 25oC every 
15 minutes for 2.5 hours in a multi-well plate reader (PowerWave, Biotek Instruments). A 
FDA hydrolysis calibration graph was obtained using six dilutions of the cell suspension that 
were treated in the same way as the solvent-exposed cells, except that they were suspended in 
Milli-Q water instead of a solvent. 
 
For 7.2.2.2 two cell concentrations were used for all solvents and exposure times. One 
concentration was just below that where mass transfer problems occurred, while the other 
was at half this concentration. The solvent-exposed cells were suspended in 1.5ml Milli-Q 
water and divided as follows: 
· 950ml transferred to an Eppendorf tube for measuring FDA hydrolysis, OD740 and 
Abs665. 
· 500ml transferred to an Eppendorf tube for assessment of growth and chlorophyll 
change  
· 50ml used for examination by transmission electron microscopy (TEM). 
 
7.2.2.3 Assessment of post-solvent-exposure growth and change in chlorophyll content 
500ml of the solvent-exposed cells from the higher density suspension were pelletted and 
resuspended in 500ml BG-11 growth medium. Two 250ml samples were transferred to a 96-
well plate, which was covered with parafilm to inhibit evaporation, and measured for OD740 
(cell density) and OD665 (intracellular chlorophyll content). The samples were returned to the 
CE room at 25oC at an illumination of 700lux after which readings were taken every 24 hours 
for 17 days. 
 
7.2.2.4 Transmission electron microscopy of solvent-exposed cells 
50ml of the solvent-exposed cells were pelletted and suspended in 75ml of a PBS solution (pH 
7.05) containing 2.5% gluteraldehyde. Cells from all three time exposures were stored at 4oC 
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prior to processing. Due to the costs and time only 10 samples were selected. All were chosen 
from the lower cell density suspensions that had been exposed to solvents for 2 hours, as they 
would display the greatest variances in membrane or EPS destruction and thickness. 
 
Cells had their EPS layer stained with ruthenium red according to the method of Hancock and 
Poxton (1988). Cells were pelletted, washed twice with Milli-Q water and fixed further, for 1 
hour on ice, in a solution at a 1:1:1 ratio comprising of 0.2M cacodylate : 3.6% 
gluteraldehyde (w:v) in water: ruthenium red (1.5mg/ml) in water. After being washed three 
times in 0.7M cacodylate solution the cells were fixed for 3 hours at 25°C in a 1:1:1 solution 
of 4% osmium tetroxide : 0.2M cacodylate buffer : ruthenium red 1.5mg/ml in water. Cells 
were washed twice in a 0.07M cacodylate buffer and then suspended in a 0.7M cacodylate 
solution. The samples were passed through an ethanol dehydration series (30, 45, 60, 70, 80, 
90, 100 and 100%), which was replaced by suspending the cells in 100% propylene oxide 
twice for 15 minutes. Resin was gradually infiltrated by a 60 minute immersion in 25:75 
resin:propylene oxide, a 3 hour immersion in  50:50 resin:propylene oxide, a 14 hour 
immersion in 75:25 resin:propylene oxide and finally pure resin for more than 6 hours. The 
resin was replaced and after 6 hours and the samples were baked at 60°C for 36 hours to 
allow for the resin to harden. 100nm thick sections were cut using a RCM MT-7 
ultramicrotome, which were viewed and photographed under a JEOL 1210 transmission 
electron microscope. 
 
7.2.3 Solvent extraction 
Another portion of this work was dedicated to establishing whether the toxin could be 
extracted in a single step process from the living bacteria. A shortened single step extraction 
would be advantageous, as the accepted method of toxin extraction involved freeze-drying 
cells, followed by three 24 hour extractions, low pressure evaporation of the solvent, and 
resuspension of the extracts, before analysis could commence. The bacteria were to be 
exposed to various solvents, which were scanned from 400 to 700nm for the presence of 
compounds such as chlorophyll and accessory pigments. Supernatants from the previous 
solvent exposures, which had maintained cell viability, contained no detectable toxin using 
the HPLC (method in Chapter 4). 
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7.2.3.1 Solvent extraction from live cells using methanol at concentrations of 20, 40, 60, 80 
and 100 over a 4 hour period  
One solvent (methanol) was chosen to be used across the entire concentration range (20, 40, 
60, 80 and 100%) to see what the effects of differing solvent concentration were on the 
extraction of intracellular compounds from live cells. Buoyant and nonbuoyant cultures were 
concentrated and suspended in 20ml of methanol at a concentration of 20, 40, 60, 80 or 
100%. The McCartney bottle in which the samples were placed was covered in aluminium 
foil to prevent effects photolysis might have on the extracted compounds. The cells were 
extracted in the CE room at 25oC on a rotary shaker at 50 revolutions per minute.  1ml 
samples were removed after 30, 60, 90, 120, 180 and 240 minutes. Samples were centrifuged 
and the supernatant was analyzed in duplicate with a spectral scan from 400 to 700nm. 
7.2.3.2 Solvent extraction from live cells using 75% methanol, acetic acid and 75% 
acetonitrile over a 72 hour period 
 
A cell suspension was concentrated and forty 2ml samples were aliquotted into 2ml 
Eppendorf tubes. These suspensions were pelletted and washed twice with Milli-Q water. The 
pellets were suspended in 2ml of a solvent, which was either 75% methanol, 75% 
acetonitrile, 50% concentrated hydrochloric acid or Milli-Q water (control). All solvent 
concentrations were tested in duplicate and the experiment was conducted in a CE room at 
25oC. Samples were gently shaken and kept inside a black plastic bag (to prevent photolysis) 
and removed after 30 minutes, 6 hours, 24 hours, 48 hours and 72 hours. The suspensions 
were centrifuged and the supernatant was carefully aspirated. 300ul was removed from the 
supernatant, scanned from 400 to 700nm, and returned to the Eppendorf tubes. The 
supernatant was evaporated under a low pressure and the extract was suspended in 300ul of 
70% methanol, which was analyzed by HPLC for the presence of any microcystins. 
 
7.3 Results and discussion: 
7.3.1 FDA hydrolysis optimization 
7.3.1.1 Method of FDA addition  
From Table 7.2 it was evident that the method of FDA addition gave similar results with 
regards to FDA hydrolysis. Of the two methods of FDA introduction the premixing of the 
FDA in a volume of PBS, before its addition to the cells, was preferred, as this method 
allowed for all aliquots from the solution to have an identical FDA concentration, which in 
turn lowered the variability of data. The addition of aliquots from the FDA stock solution (in 
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volumes as low as 2ml per well) led to greater variation in final concentrations of FDA per 
well, as there was a potentially large margin of error when working with such small volumes.  
 
Table 7.2: FDA hydrolysis and percentage variability from FDA concentration and addition variation: 
FDA concentration (mg FDA/ml PBS) 10 20 30 
Premix FDA, PBS and cells 
FDA hydrolysis rate (ng/min) 21.56 38.27 22.73 
Variability (%) 8.20 6.50 7.40 
FDA added directly to wells 
FDA hydrolysis rate (ng/min) 25.58 35.35 19.13 
Variability (%) 21.40 15.60 23.80 
 
At 20mg FDA/ml PBS hydrolysis was higher than at both 10 and 30mg FDA/ml PBS. The 
lower hydrolysis at 30mg FDA/ml appeared anomalous. As the concentration of FDA 
increased for a single cell concentration, the FDA hydrolysis should have increased until a 
maximum and then levelled out. For a single cell concentration the FDA hydrolysis limit 
would be reached when a) the kinetics of FDA movement into the cell b) esterase hydrolysis 
or c) flourescein movement out of the cell were at a maximum, but the level of hydrolysis 
should not have decreased. The cells were possibly adversely affected as the volume of 
acetone increased (from the FDA stock solution) to obtain higher FDA concentrations, FDA 
aggregates might form at higher concentrations (making it too large to diffuse into the cell) or 
certain concentrations of FDA might be inhibitory to the bacteria.  
 
7.3.1.2 Variation of FDA and cell concentrations 
Initially the increase in absorbance at 490nm (Abs490) had been monitored for 10 hours at 20-
minute intervals. This was shortened to 2 hours with absorbance readings taken every 10 
minutes.  
 
Results for the FDA hydrolysis at three FDA concentrations and cell density variation were 
plotted against a) OD740 and b) OD665 (Figures 7.1, 7.2 and 7.3). Results were discussed 
relating the data to OD740, as chlorophyll content varied considerably between cultures when 
grown with differing rates of airflow in different sized and shaped airlift reactors. Even 
though OD665 had a direct relationship to the FDA hydrolysis when plotted as a log graph. 
The OD740 was the preferred relationship due to its consistency between cultures, and results 
were directly interpretable and not complicated by converting between log laws and fractions, 
which would have been the case for graphs derived from the OD665  data. Four trends were 
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observed and were discussed with reference to increasing FDA concentration and increasing 
cell density: 
 
 
 
 
 
 
Figure 7.1: FDA hydrolysis versus a) OD740and b) OD665at 5ug FDA/ml  
 
 
 
 
 
 
 
 
 
Figure 7.2: FDA hydrolysis versus a) OD740 and b) OD665at 15ug FDA/ml 
 
 
 
 
 
 
Figure 7.3: FDA hydrolysis versus a) OD740 and b) OD665at 30ug FDA/ml 
 
1) The maximum hydrolysis was greatest for cells exposed to the highest concentration of 
FDA. The maximum hydrolysis was 40ng/min for 5ìgFDA/ml, 100ng/min for 15ìgFDA/ml, 
and 118ng/min for 30ìgFDA/ml. Cells that had more FDA to hydrolyze would do so 
increasingly, until a saturation point was reached. The rate of this increase would slow down, 
as observed in Figure 7.1a, 7.2a and 7.3a, due to either an excess of FDA such that the 
enzyme cleavage reached a maximum level or diffusion of FDA or flourescein across the cell 
wall and membrane reaching its maximum potential. Hydrolysis slowed down with further 
increasing cell density, as cell-cell interaction may have inhibited optimal diffusion of the 
FDA into the cell. 
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2) The slope (i.e. the rate of hydrolysis increase) increased faster with higher FDA 
concentrations (Figure 7.1a, 7.2a and 7.3a). The slope was 730ng.min-1.OD740
-1 for 
5ìgFDA/ml, 1840 ng.min-1.OD740-1 for 15ìgFDA/ml, and 2470 ng.min-1.OD740-1 for 
30ìgFDA/ml. An increasing FDA concentration allowed for greater conversion, leading to 
faster hydrolysis, as long as no mass transfer problems were encountered. 
 
3) The hydrolysis level peaked at higher cell densities with increasing FDA concentration. 
For 5 ìgFDA/ml the maximum level occurred at an OD740 of 0.047, for 15ìgFDA/ml 
occurred at an OD740 of 0.064, and occurred at an OD740 of 0.069 for 30ìgFDA/ml (Figure 
7.1a, 7.2a and 7.3a). As the amount of FDA available to cells increased, they had a greater 
chance of encountering a FDA molecule than another cell. The mass transfer problems that 
occur at higher cell densities are lessened as the FDA concentration increased. 
 
4) The onset of hydrolysis occurred at a higher cell density with increasing FDA 
concentration. The equivalent of the conversion level of 10ngFDA/min occurred at an OD740 
of 0.008 for 5ìgFDA/ml, 0.013 for 15ìgFDA/ml and 0.024 for 30ìgFDA/ml (Figure 7.1a, 
7.2a and 7.3a). This was not expected, as a low cell density exposed to greater substrate 
concentrations should register greater FDA hydrolysis. It was possible that increased acetone 
or FDA concentrations were inhibitory. Subsequent work done indicated that it was most 
likely the FDA concentration, as acetone increased the permeability across the cell. 
 
7.3.1.3 FDA calibration graph 
 
As could be seen from Figures 7.1, 7.2 and 7.3 the level of hydrolysis at one FDA 
concentration would increase, peak and then decrease with increasing cell density. FDA 
hydrolysis levels were relatively slower compared to those of earlier work, which had 
reached up to 120ng/minute (cells were in early stationery phase compared to the earlier work 
done with exponentially growing cells). There was possibly a lowering of esterase 
concentration as cells pass from exponential growth to the stationary phase or an increase in 
the cell wall thickness, which would have decreased the apparent rate of FDA hydrolysis.  
 
Figure 7.4b showed the same data plotted against OD665. This data had to be converted to a 
log plot to obtain a straight-line graph, which would have the same r2 value as the plot of 
hydrolysis against OD740 . 
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Figure 7.4: Rates of FDA hydrolysis at 15mgFDA/ml as a function of a) cell density at an OD740 (y =135.8x-
1.66  r2=0.89) and b) chlorophyll content at an Abs665  (y =1.085lnx+4.14 r
2=0.90). 
 
Although this data did provide a calibration graph for FDA hydrolysis at a particular cell 
density for a FDA concentration of 15mg/ml, it was not of any use to convert OD740 data from 
prior or future experiments. This data was pertinent only to cells growing under particular 
conditions of light exposure, cell density, nutrient concentrations and airflow in the airlift 
reactor. A new calibration graph would be required every time with work assessing 
permeabilization by FDA hydrolysis.  
  
7.3.2 Solvent exposure of M. aeruginosa PCC7806 in order to increase permeability 
while maintaining cell viability 
7.3.2.1 Exposure of cells to a variety of solvents and concentrations for 5 minutes 
 
 
 
 
 
 
 
Figure 7.5: RPH for the various solvents and concentrations tested. Data in Table A.7 in Appendix. 
 
The rate of FDA hydrolysis for the solvent-exposed cells was to be expressed as a percentage 
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convert the OD740 of solvent-exposed cells to the theoretical rate of FDA hydrolysis that 
should have occurred at that cell density. The actual FDA hydrolysis rate obtained by the 
solvent-exposed cells was divided by this theoretical hydrolysis rate and multiplied by a 100. 
With this standardized result any number greater than 100 represented an increase in FDA 
hydrolysis, and thus an increase in cell permeability, and was referred to as the relative 
permeability increase according to FDA hydrolysis rates (RPH). 
 
Figure 7.5 showed that methanol at 20 and 30%, acetone at 5, 10 and 20%, DMSO at 10, 15, 
and 20%, Tween at 20% and acetonitrile at 10% all had a RPH that was significantly higher 
than FDA hydrolysis rate expected at that cell concentration at 15ugFDA/ml. This 
represented potentially increased permeabilization of the cells, allowing for quicker transport/ 
diffusion into and out of the cell. Cells exposed to acetic acid displayed a marked decrease in 
hydrolysis. 
 
As can be seen in Figure 7.5 the RPH increased with increasing solvent concentration for 
methanol, DMSO and Tween (except for the first point).  The rate decreased for acetic acid. 
For acetone and acetonitrile the rate peaked and then decreased for increasing solvent 
concentration. What may have occurred was cells were initially permeabilized and their rate 
of FDA conversion increased, but as the solvent concentration increased the cells or esterases 
were damaged or inhibited such that the FDA hydrolysis rate decreased. The esterases might 
have diffused out of the cells due to permeabilization. 
 
The data in Table A.9 in the Appendix showed the chlorophyll content of cells to decrease as 
the time of exposure and solvent concentrations increased for all the solvents. This indicated 
that the higher solvent concentrations and exposure times were permeabilizing the cells such 
that intracellular components were being extracted. 
 
From this data new concentrations were selected for the following experiment, which 
involved testing the solvents influence upon the cells for time exposures of 5, 30 and 120 
minutes. 
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7.3.2.2 Exposure of cells to a variety of solvents and concentrations for 5, 30 and 120 
minutes, growth assessment and microscopy of solvent exposed cells. 
   
 
 
 
 
Figure 7.6: Exposure time, solvent concentration and RPH for a) a relatively higher cell concentration and b) 
lower cell concentration with exposure to methanol. : 5 minutes exposure : 30 minutes exposure : 120 
minutes exposure. Data in Table A.9 and A.10 in Appendix. 
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Figure 7.7: Exposure time, solvent concentration and RPH for a) a relatively higher cell concentration and b) 
lower cell concentration with exposure to acetone. : 5 minutes exposure : 30 minutes exposure : 120 
minutes exposure. Data in Table A.9 and A.10 in Appendix. 
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Figure 7.8: Exposure time, solvent concentration and RPH for a) a relatively higher cell concentration and b) 
lower cell concentration with exposure to DMSO. : 5 minutes exposure : 30 minutes exposure : 120 minutes 
exposure. Data in Table A.9 and A.10 in Appendix. 
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Figure 7.9: Exposure time, solvent concentration and RPH for a) a relatively higher cell concentration and b) 
lower cell concentration with exposure to acetonitrile. : 5 minutes exposure : 30 minutes exposure : 120 
minutes exposure. Data in Table A.9 and A.10 in Appendix. 
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Figure 7.10: Exposure time, solvent concentration and RPH for a) relatively higher cell concentration and b) 
lower cell concentration with exposure to Tween. : 5 minutes exposure : 30 minutes exposure : 120 minutes 
exposure. Data in Table A.9 and A.10 in Appendix. 
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Figure 7.11: Exposure time and RPH for the a) a relatively higher cell concentration and b) lower cell 
concentration with exposure to acetic acid at 2%. Data in Table A.9 and A.10 in Appendix.  
  
For the relatively higher cell concentrations (Figures 7.9a, 7.10a, 7.11a, 7.12a, 7.13a and 
7.14a) methanol, acetonitrile, Tween and acetone displayed a trend indicating a greater 
relative rate of FDA hydrolysis as the solvent concentration and exposure time increased. 
DMSO  (Figure 7.11a) generally had a decreasing relative rate of FDA hydrolysis as solvent 
concentration and exposure time increased. Acetic acid (Figure 7.14a) increased in RPH but 
remained at a constant rate for all three concentrations tested. Rates of FDA hydrolysis were 
expressed as a percentage of the rate obtained, at that cell density, by the control cells. When 
lower cell densities were converted (as was the case for acetic acid) the errors margin was 
greater. Cells exposed to acetic acid were visibly altered in surface characteristics. Cells 
would pellet along the sides of the Eppendorf tubes instead of at the base and their colour was 
altered from green to brown (chlorophyll destruction and therefore decreased cell viability). 
 
For the lower cell concentration the RPH rates were much lower. For methanol and acetone, 
and acetonitrile and acetic acid exposure the increase in RPH was less than half that of the 
higher cell concentration. Acetone and acetonitrile (Figure 7.10b and 7.12b) both increased in 
relative rates of FDA hydrolysis with increasing solvent concentration and time exposure. 
The rate for methanol (Figure 7.9b) increased slightly, dipped slightly, and then increased 
substantially as the solvent concentration and exposure time increased. The rate for acetic 
a   b 
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RPH RPH 
RPH RPH 
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acid (Figure 7.14b) decreased as exposure time increased. The results for DMSO (Figure 
7.11b) indicated that an increased exposure time decreased the hydrolysis rate.  
 
Cells with small differences in growth phase displayed markedly different increases in RPH, 
as would be expected as the structure of the EPS thickened with age. Older cells had a 
lowered increase in RPH, but trends were not as erratic as those of the cells that were in a 
more active growth phase. All data is shown in Tables A.7, A.8, A.9 and A.10 in the 
Appendix. 
 
7.3.2.3 Post-solvent-exposure growth and chlorophyll content to determine cell viability: 
Changes in OD665 (intracellular chlorophyll content) and the OD740 (cell density) were 
monitored in duplicate with 250ìl of sample every 24 hours for seventeen days after solvent 
exposure. The 96 well plates were covered with parafilm to prevent evaporation. This may 
have compromised the gas exchange that would normally take place under atmospheric 
conditions, but by not doing this the suspension medium would have evaporated after four 
days. The data is shown in the Appendix as Figures A.10 to A.16. OD740 showed very little 
differences between all wells (even for the control cells, which were a series of dilutions) and 
the change in chlorophyll content   was not consistent, as the control cells displayed increases 
or decreases at growth erratically at different dilutions.  
 
Table 7.3: Solvent concentrations (percentage) tested that led to non-viable cells. 
 OD740 OD665 Cells visibly dead 
Solvent 5 
min 
30 
min 
120 
min 
5 
min 
30 
min 
120 
min 
5 
min 
30 
min 
120 
min 
Methanol     30 30   30 
  40 40 40 40 40 40 40 40 
Acetone  40 40 30 30 30 30 30 30 30 
   40 40 40 40 40 40 40 
DMSO    40 40 40  40 40 
Acetic acid 2 2 2 2 2 2 2 2 2 
Acetonitrile      15   15 
 30 30 30 30 30 30 30 30 30 
 
Cell suspensions that displayed lowered overall cell density and chlorophyll content, and 
wells that contained visibly non-viable cells (colourless or brown) were used to construct 
Table 7.3, which illustrates the solvent concentrations that lowered the viability of the cell 
suspension considerably.  
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Chlorophyll absorbance proved to be a better measure of cell destruction than the cell density 
at OD740, as wells that contained visibly dead cells (colourless or brown) corresponded well 
to the lowered absorbency at 665nm. What was also evident from these results were that 
lower solvent concentrations became lethal as the exposure time increased. Supernatants from 
40% methanol, 30 and 40% acetone as well as 30% acetonitrile were visibly green from 
chlorophyll extracted, and cells were rendered non-viable. 
 
7.3.2.4 Microscopy of solvent exposed cells 
The samples were stained according to the technique of Hancock and Poxton (1988). The 
electron micrographs results were not of a good quality as samples had become extremely 
brittle and most inner portions of the bacterial cells had broken away from the sections 
(Figure 7.12). There was also poor resolution of internal structure (Figures 7.13 to 7.16). 
Photographs were taken of the largest circular cells that could be found in the sections, as 
these would have represented a section through the central axis of the bacteria. EPS layers 
varied considerably (Figures 7.13 to 7.16) throughout samples in the same section, indicative 
of bacteria in various stages of growth or decay. The EPS layer was very thick and, even with 
a permeabilized membrane, represented a diffusion inhibitor for FDA and flourescein. All 
micrographs are in the Appendix as Figures A.1 through A.10. 
 
                   
Figure 7.12: Cells after exposure 10% acetone (left) and 40% methanol (right) for 2 hours (magnification 1720 
times). 
                     
Figure 7.13: Control cells after exposure to Milli-Q water for 2 hours (magnification 8570 times). 
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Figure 7.14: Cells after exposure to a) 15% acetonitrile and b) 10% DMSO for 2 hours (magnification 8570 
times). 
 
 
 
 
 
 
 
 
 
 
 
 
 
                        
Figure 7.15: Cells after exposure to a) 10% acetone and b) 30% acetone for 2 hours (magnification 8570 
times). 
 
  
 
 
 
 
 
 
 
 
Figure 7.16: Cells after exposure to a) 15% Tween and b) 40% methanol for 2 hours (magnification 8570 
times). 
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7.3.3 Solvent extraction 
7.3.3.1 Solvent extraction from live cells using methanol at concentrations of 20, 40, 60, 80 
and 100% over a 4 hour period  
 
It was evident from Figures 7.17, 7.18 and 7.19 that low amounts of intracellular constituents 
were extracted from the cells at a methanol concentration below 60%. The only extract worth 
noting at low concentrations (20 and 40% methanol), from the suspension-grown inoculum, 
was phycocyanin. The extract, which has a maximum absorbency at 615nm, was 
preferentially extracted with the more aqueous mixtures (i.e. more polar). From Figures 7.20 
and 7.21 it was evident that the higher methanol concentrations were better extractants of 
intracellular compounds. All peaks other than phycocyanin increased substantially.  
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Figure 7.17: Extracts from live cells using 20% methanol with a) suspension-grown inoculum and b) plate 
grown inoculum. ¨ : 415nm : 435nm : 470nm Ï: 615nm  : 665nm 
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Figure 7.18: Extracts from live cells using 40% methanol with a) suspension-grown inoculum and b) plate 
grown inoculum. ¨ : 415nm : 435nm : 470nm Ï: 615nm  : 665nm 
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Figure 7.19: Extracts from live cells using 60% methanol with a) suspension-grown inoculum and b) plate 
grown inoculum. ¨ : 415nm : 435nm : 470nm Ï: 615nm  : 665nm 
a   b 
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Figure 7.20: Extracts from live cells using 80% methanol with a) suspension-grown inoculum and b) plate 
grown inoculum. ¨ : 415nm : 435nm : 470nm Ï: 615nm  : 665nm 
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Figure 7.21: Extracts from live cells using 100% methanol with a) suspension-grown inoculum and b) plate 
grown inoculum. ¨ : 415nm : 435nm : 470nm Ï: 615nm  : 665nm 
  
The results were anomalous in that some absorbencies decreased with time.  The 
concentrations of extracted substances should theoretically have remained constant once the 
solvent was saturated. It is probable that the substances extracted were not stable in the 
solutions and were broken down into more stable molecules as the vials in which the 
extractions took place were covered in aluminium foil to prevent photolysis. Chlorophyll was 
notably unstable, as wells that had been dark green at the time of the measurement had 
changed to a dull yellow when left at room temperature overnight. 
 
7.3.3.2 Solvent extraction from live cells using 75% methanol, acetic acid and 75% 
acetonitrile over a 72 hour period 
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Figure 7.22: Extracts detected in spectral scan from 400 to 700nm from live cells using Milli-Q water over a 72 
hour time period. ¨: 415nm : 440nm : 465nm Ï: 665nm   
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Figure 7.23: Extracts detected in spectral scan from 400 to 700nm from live cells using hydrochloric acid over a 
72 hour time period. ¨ : 415nm : 665nm  
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Figure 7.24: Extracts detected in spectral scan from 400 to 700nm from live cells using methanol over a 72 
hour time period. ¨ : 415nm : 435nm : 465nm Ï: 665nm   
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Figure 7.25: Extracts detected in spectral scan from 400 to 700nm from live cells using acetonitrile over a 72 
hour time period. ¨ : 415nm : 435nm : 465nm Ï: 665nm   
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Figure 7.26: Microcystin ext racts detected via HPLC (method in Chapter 6) from live cells using over a 72 hour 
time period for ¨ : acetic acid :  75% methanol : Milli-Q water (control) Ï: 75% acetonitrile   
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The data from Figure 7.22, 7.23, 7.24, 7.25 and 7.26 showed 75% methanol and 75% 
acetonitrile to be the better of the extractants. The acidic solution (Figure 7.23) was a 
relatively poor extractant, but it was much more specific. This was attributable to it being a 
completely aqueous solution, which would not allow for the more hydrophobic compounds to 
be dissolved in the medium. The control (Figure 7.22) did show a minor presence of the 
substances that were extracted by the solvents, attributable to lysis of cells in the unbuffered 
medium. All the solvents were saturated after 24 hours, as the extracts peaked then and their 
concentrations were unchanged for the remainder of the experiment. Only hydrochloric acid 
(Figure 7.23) continued extracting a compound, with a maximum absorbency at 415nm, for 
the rest of the experiment (at a low concentration relative to what was extracted by 75% 
methanol and acetonitrile). 
 
7.4 Conclusions 
If M. aeruginosa PCC7806 could have been permeabilized such that it would release 
intracellular compounds, while not losing cell viability, it might have been possible to extract 
microcystin in a continuous manner from the bacteria immobilized on the synthetic 
membrane. FDA uptake and hydrolysis was used to ascertain whether cell permeability could 
be increased by exposing M. aeruginosa PCC7806 to a variety of solvents at varying 
concentrations for various time intervals. The trend observed was that, for a constant cell 
density, as the exposure time and the solvent concentration increased, the rate of FDA 
hydrolysis increased. What was also observed was that cell viability decreased as exposure 
time and solvent concentration increased, making the task of establishing an optimum 
permeabilizer a playoff between increased permeability and limiting the damage caused to 
cells. Results that showed the most enhanced permeabilization with minimal loss of cell 
viability were a 2 hour exposure to 20% methanol, 20% acetone and 30% DMSO. None of 
these extractants had any detectable microcystins present after the exposure, even though the 
control cells contained microcystin. 
 
A single step solvent extraction from live cells had limited success. With the two best 
extractants, 75% methanol and 75% acetonitrile extractants, saturation was only reached after 
24 hours. A single extraction did not manage to remove the entire toxin content either. The 
only manner to enhance this process would have been the use of a much larger amount of 
solvent relative to the cell mass, which would take relatively longer to evaporate off before 
toxin could be recovered. 
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Chapter 8 
Final discussion and conclusions 
 
A variety of membranes and modules were used for the immobilization of Microcystis 
aeruginosa PCC7806. The best immobilization occurred on the externally skinless 
polyethersulfone and ceramic membranes. Ceramic membranes had the advantage of surface 
area (due to diameter), ease of reuse due to the hardiness of the membrane and an even pore 
distribution. Sterilization was relatively quick, as the entire module could be autoclaved. The 
disadvantage of the membrane was that it was expensive, had a large lumen volume and was 
not as versatile. The externally skinless polyethersulfone membranes were cheap and 
versatile. The disadvantage of this membrane was its melting point of 55oC, which resulted in 
a longer sterilization process using 4% formaldehyde and then flushing with water. The 
membrane was also inconsistent with regards to pore distribution and thickness of internal 
skin as well as formation of an external skin. 
 
Bacterial adhesion to the membranes was dependent on the physiology of the cell culture. 
Cells in the stationery phase, which had a well-developed EPS layer and no gas vesicles, 
were optimal for immobilization. This was a problem in that cells had to pass through the 
stage at which optimal toxin production occurred for batch cultures before they could be 
immobilized. This would have been less of a problem if the cells were more productive once 
immobilized, and if the toxin could have been extracted in a continuous manner.  
 
Results reflect that a thin biofilm, under a moderate light intensity with a high nitrate 
concentration in the growth medium in the lumen allowed for the most efficient toxin 
production per biomass. A thick biofilm, under a moderate light intensity with a high nitrate 
concentration in the growth medium in the lumen allowed for best toxin production per unit 
area. 
 
In an airlift reactor nearly all cells were exposed to the required nutrient and light stress, 
which led to a higher microcystin yield, averaging 5mg/mg dry mass, as all cells produced 
microcystins. Batch cultures had a greater increase in biomass, as all cells were dividing. The 
biomass accumulation within a membrane module was much lower as only a portion of cells 
received a high enough nutrient concentration for active cell division. Cells just past this 
actively dividing zone were within the correct parameters of light and nutrient conditions to 
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produce greater toxin quantities. The toxin production might have been high within a specific 
area, but overall toxin yield was still low. 
 
Overall microcystin yield was much lower for immobilized cells than that of batch culture. 
The production under immobilized conditions had a yield of 0.5 to 1.5mg toxin/gram dry 
mass. This was far less efficient than batch culture where 5 to 8mg toxin was produced per 
gram dry mass.  A reason for the reduced specific yield is displayed in Figure 8.2, which was 
a combination of microcystin production in a batch culture (see Figure 1.3) and the nutrient-
gradostat concept (see Figure 1.13). The cross section of the area represented in Figure 8.2 is 
shown in the diagram in Figure 8.1. This combination showed the plausibility of the 
hypothesis that only a thin layer within the biofilm was within the correct environment 
needed for maximum metabolite production. Other work done with extremely large biofilms 
in ceramic modules had no detectable traces of metabolite after 5 days, which enhanced this 
theory that a very small portion of the biofilm was exposed to an environment conducive to 
microcystin production. In thicker biofilms more cells were in the stationery growth phase 
and did not produce microcystins, which would have decreased the yield per cell 
substantially. This concept was to be verified by immunolabeling a biofilm with microcystin 
antibodies. 
 
 
 
 
 
 
 
 
 
 
Figure 27: Schematic of a membrane section illustrating the regions across a pore from a to b and c to d from 
which the profiles of nutrient concentration, stage of growth and microcystin production are derived that are 
shown in Figures 8.2, 8.3 and 8.4. 
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Figure 8.28: Combination of nutrient gradostat concept and toxin production in a batch culture. (C to D in 
Figure 8.1).  = microcystin production  = nutrient concentrations 
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Immunolabelling revealed cells around the base of the biofilm, where the cells were outside 
the pores, had the highest microcystin content. The nutrient gradient was more prevalent 
parallel to the lumen than perpendicular to it. Veins of microcystin containing cells were 
prominent in the biofilm above the pores. Microcystin production occurred in a cluster at this 
point, as nutrients diffused into the cells to the sides of the vein. This was best illustrated by 
Figure 6.7b. Figure 8.3 and 8.4 illustrate an explanation for this manner of toxin production. 
The cross section of the area represented in Figure 8.3 and 8.4 is shown in the diagram in 
Figure 8.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.29: Explanation of nutrient gradient, growth stage and toxin production across the biofilm at the outer 
membrane across a pore (A to B in Figure 8.1).  = microcystin production  = nutrient concentrations 
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Figure 8.30: Explanation of nutrient gradient, growth stage and toxin production from within a pore to the outer 
biofilm surface (C to D in Figure 8.1).   = microcystin production  = nutrient concentrations 
 
For Microcystis aeruginosa PCC7806, immobilized in biofilms thicknesses from 3-
12ng/mm2, by pressure inoculation, the nutrient gradostat concept needed to be modified to 
the fact that sideward movement of the nutrients from the veins produced a greater gradient 
than movement toward the outer layers of the biofilm. Production was only notable in cells 
out of the pores, where the light intensity was high enough to induce toxin production. 
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Channels formed during immobilization were allowing nutrients to diffuse outwards in a 
manner quicker than anticipated, which led to these clusters of microcystin production.  
 
                           
Figure 8.31: Scanning electron micrographs of a) mounds of cells visible on the biofilm surface (magnification 
of 365 times) and b) the irregular outer biofilm surface (magnification of 925 times). 
 
Distinct mounds of growth were seen in Figure 8.5a, while Figure 8.5b showed an undulating 
outer biofilm surface, indicating that growth was also occurring in mounds around the pores. 
These biofilms were cultured for two weeks with a BG-11 medium in the lumen that had a 
20mM nitrate concentration, and prepared for SEM as described in Chapter 2. These mounds 
were a result of cell division in the immediate region of the pore, and were a clear indication 
that growth was also affected by the pore dispersion on the ESPESCM. The mounds were a 
result of cell division at and directly around the pore. 
 
Microcystin is a metabolite that appears to be involved in primary growth, but its production 
peaks just prior to the onset of stationary growth, as a secondary metabolite would. This 
meant that cells in the outer biofilm that were nutrient stressed, such that they are in the 
stationary growth phase, produced very little microcystin. If a metabolite could be found that 
was produced maximally in the stationary growth phase there might be potential for its 
production under immobilized conditions. It would require a bacterium that would be easily 
immobilized in the exponential growth phase. The membranes could serve as an 
immobilization area, and if tough enough the cells could be extracted directly on the 
membrane itself. Ideally the metabolite would be an extracellular product or one that could be 
released from cells while maintaining viability, so that a truly continuous production process 
could be implemented. 
 
 
 
a b 
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Appendix 
 
BG 11 growth medium 
Table A.1: Microelement stock solution (made up to 1000ml) 
H3BO3 2.680g 
MnCl2.4H20 1.810g 
Na2MoO4.2H20 0.391g 
ZnSO4.7H20 0.222g 
CuSO4.5H20 0.079g 
Co(NO3) 2.6H20 0.049g 
 
Table A.2: BG-11 solution (made up to 1000ml) 
EDTA 0.003g 
FeCl3.6H20 0.003g 
NaNO3 1.590g 
K2HPO4 0.039g 
MgSO4.7H20 0.075g 
Na2CO3 0.020g 
Ca(NO3)2.4H20 0.020g 
Na2SiO3.5H20 0.043g 
Citric acid  0.006g 
Microelement stock solution 1ml 
The final pH is adjusted to 7.8 with 1M HCL or 1M NaOH. (Rae et al., 1999) 
 
 
For Table A.1 to A.13 biofilm thickness is represented as the cell dry mass (ng) divided by 
the biofilm-covered surface area expressed (mm2), toxin production per cell is represented by 
total toxin produced (ìg) divided by the dry mass of the cells (mg) and toxin production per 
unit area is expressed as total toxin produced (ng) divided by the biofilm-covered surface area 
of the membrane (mm2). 
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Table A.3: Results for biofilms sacrificed over a thirty day period. 
Sample day Biofilm thickness 
(ng/ mm2)   
Specific yield of 
toxin (mg/g)  
Toxin production 
per unit area (ng/ 
mm2) 
0  5.7  
3 12.1 6 72.6 
6 8.8 5.1 44.8 
9 9.9 6.2 61.3 
12 9.5 5 47.7 
15 8.1 9.3 75.8 
18 8.8 8.9 78.2 
21 10.7 7.4 79.2 
24 10.1 31.6 318.3 
27 10.5 8.6 90.0 
30 10.7 9.1 97.0 
 
Table A.4: Results for biofilms sacrificed over a 7-day period. 
Day Biofilm thickness 
(ng/ mm2) 
Specific yield of 
toxin (mg/g) 
Toxin production 
per area (ng/ mm2) 
Control  0.597  
1 3.92 0.941 3.69 
2 3.32 0.935 3.10 
3 5.34 0.476 2.54 
4 6.58 0.653 4.30 
5 3.12 0.754 2.35 
6 4.1 0.447 1.83 
7 4.94 0.389 1.92 
 
Table A.5: Results for various biofilm thicknesses grown for 10 days with two nitrate concentrations under a 
moderate (700lux) light intensity. 
No. Nitrate 
concentration 
Biofilm thickness 
(ng/ mm2) 
Specific yield  of 
toxin (mg/g)  
Toxin production 
per area (ng/ 
mm2) 
1 20mM 2.78 0.243 0.7 
2 20mM 4.62 0.68 3.1 
3 20mM 5.4 1.127 6.1 
4 20mM 5.7 0.805 4.6 
5 20mM 6.74 1.045 7 
7 20mM 8.78 0.757 6.6 
8 20mM 9.68 1.042 10.1 
9 1mM 2.42 0.539 1.3 
10 1mM 3.46 0.376 1.3 
11 1mM 5.1 0.108 0.5 
12 1mM 6.18 0.364 2.2 
13 1mM 6.8 0.203 1.4 
14 1mM 8.28 0.173 1.4 
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Table A.6: Results of toxin production for two cell cultures under complete nutrient deprivation 
Time Specific yield of toxin for 
buoyant cells (mg/g) 
Specific yield of toxin for 
nonbuoyant cells (mg/g) 
0 0.204 0.115 
2 hours 0.219 0.108 
4 hours 0.231 0.120 
6 hours 0.218 0.103 
12 hours 0.234 0.035 
18 hours 0.207 0.000 
 
Table A.7: Cell exposure for 5minutes to a variety of solvents at varying concentrations: 
Solvent  % 
Average 
OD740 
Average 
slope 
Theoretical 
slope RPH 
Methanol 5 0.041 1.08 1.16 93 
Methanol 10 0.039 0.93 1.03 90 
Methanol 20 0.036 1.22 0.84 145 
Methanol 30 0.031 1.2 0.53 225 
Acetone 5 0.038 1.4 0.97 145 
Acetone 10 0.035 1.89 0.78 242 
Acetone 20 0.032 1.14 0.60 191 
Acetone 30 0.029 0.39 0.41 95 
DMSO 5 0.044 1.13 1.34 84 
DMSO 10 0.041 1.55 1.16 134 
DMSO 15 0.036 1.57 0.84 186 
DMSO 20 0.036 1.81 0.84 214 
Acetonitrile 5 0.04 1.08 1.09 99 
Acetonitrile 10 0.031 1.21 0.53 227 
Acetonitrile 20 0.03 0.38 0.47 81 
Acetonitrile 30 0.032 0.43 0.60 72 
Acetic acid 2 0.026 0.1 0.22 45 
Acetic acid 5 0.025 0.69 0.16 31.3 
Acetic acid 10 0.039 0.37 1.03 36 
Acetic acid 15 0.035 0.28 0.78 36 
Tween 5 0.041 1.19 1.16 103 
Tween 10 0.04 0.63 1.09 58 
Tween 15 0.037 0.88 0.91 97 
Tween 20 0.034 1.38 0.72 192 
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Table A.8: Results for the solvent exposure at 5, 30 and 120 minutes for cells in the exponential growth phase.  
Time (min) 5 30 120 Time (min) 5 30 120 
Solvent  
% 
RPH RPH RPH Solvent 
 % 
%chlorophyll 
remaining 
%chlorophyll 
remaining  
%chlorophyll 
remaining 
DMSO 
5 96 83 178 
DMSO 
 5 
97 96 96 
10 122 154 162 10 95 97 99 
15 97 107 119 15 103 97 98 
20 77 158 144 20 101 99 98 
25 101 143 129 25 99 99 93 
30 106 198 221 30 96 93 81 
Methanol 5 
85 130 139 
Methanol 5 
100 97 98 
10 101 142 171 10 99 95 98 
20 102 126 235 20 95 98 92 
30 129 201 227 30 87 77 88 
Acetone 
5 98 93 121 
Acetone 
5 101 95 96 
10 87 114 137 10 99 98 92 
15 104 198 259 15 97 95 92 
20 99 175 150 20 94 84 72 
Acetonitrile 
5 89 151 164 
Acetonitrile 
5 99 86 98 
10 94 153 178 10 101 101 98 
15 88 153 100 15 96 93 84 
Aacid 5 23 40 58 Aacid 5 73 73 64 
10 38 45 54 10 66 67 51 
Tween2 59 84 138 Tween2 98 96 101 
5 98 80 118 5 99 96 75 
20 97 136 130 20 99 90 81 
30 61 138 159 
  
30 99 90 73 
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Table A.9: Results of solvent exposure at various concentrations for the relatively concentrated cell suspension 
in decelerating exponential growth phase. 
  120 min exposure time 30 min exposure time 5 min exposure time 
Solvent % 
OD74
0 
ngFDA/ 
min 
Theor 
slope OD740 
ngFDA/ 
min 
Theor 
slope OD740 
ngFDA/ 
min 
Theor 
slope 
Methanol          
5 0.054 24.9 128 0.052 25.2 162 0.054 43.4 128 
10 0.051 23.8 126 0.051 26.7 147 0.058 45.1 132 
20 0.045 27.9 94 0.05 38.9 98 0.049 50.3 100 
30 0.045 24.2 108 0.045 23.7 132 0.052 47.1 114 
40 0.039 6.5 346 0.039 9.2 250 0.046 43.9 108 
Acetone          
5 0.054 30.2 106 0.055 35.6 126 0.055 45.2 125 
10 0.048 30.1 93 0.05 32.0 119 0.047 40.4 120 
15 0.047 35.4 78 0.049 35.1 104 0.053 47.9 114 
20 0.044 26.6 96 0.042 38.0 71 0.042 42.3 102 
30 0.043 7.4 335 0.043 13.7 208 0.046 41.1 115 
40 0.05 4.4 673 0.046 5.9 543 0.049 15.9 316 
DMSO          
5 0.056 31.2 106 0.057 31.7 150 0.059 44.3 137 
10 0.054 33.5 95 0.055 37.0 121 0.054 48.5 114 
15 0.051 25.7 117 0.051 39.2 100 0.053 46.9 116 
20 0.049 30.0 96 0.051 37.6 105 0.051 47.1 111 
25 0.049 36.5 79 0.051 39.4 100 0.054 50.4 110 
30 0.048 36.2 78 0.049 40.4 91 0.053 48.2 113 
40 0.043 30.8 81 0.042 39.5 69 0.052 52.8 101 
Tween          
5 0.047 28.8 95 0.047 41.6 81 0.055 49.9 113 
15 0.046 25.4 106 0.049 36.3 101 0.051 46.0 114 
30 0.047 17.5 157 0.049 29.5 124 0.048 43.0 115 
Acetic acid          
2 0.041 8.5 279 0.043 9.8 290 0.039 17.9 224 
Acetonitrile          
5 0.046 23.4 114 0.047 34.5 98 0.052 49.2 109 
15 0.05 19.4 151 0.045 24.1 129 0.048 40.3 122 
30 0.057 8.4 401 0.05 13.6 280 0.047 22.4 216 
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Table A.10: Results of solvent exposure at various concentrations for the relatively dilute cell suspension in 
decelerating exponential growth phase. 
 120 min exposure time 30 min exposure time 5 min exposure time 
Solvent % OD740 
ngFDA  
/min 
theor 
slope OD740 
ngFDA/ 
min 
theor 
slope OD740 
ngFDA
/ min 
theor 
slope 
Methanol          
5 0.035 39.1 86 0.035 42.3 89 0.036 42.7 100 
10 0.036 35.9 97 0.036 34.6 112 0.034 40.4 99 
20 0.033 38.3 83 0.033 40.4 88 0.035 37.1 112 
30 0.027 36.7 69 0.029 47.5 66 0.034 34.1 118 
40 0.023 13.0 162 0.022 19.4 124 0.023 23.2 109 
Acetone          
5 0.034 37.2 88 0.033 44.8 80 0.033 40.8 95 
10 0.03 37.3 76 0.03 35.1 93 0.032 46.1 81 
15 0.03 41.4 69 0.028 43.5 70 0.029 37.2 90 
20 0.027 33.7 75 0.027 34.2 86 0.026 43.0 68 
30 0.024 13.9 159 0.023 18.8 134 0.023 19.9 127 
40 0.023 10.8 195 0.022 10.0 240 0.023 17.7 142 
DMSO          
5 0.035 36.6 92 0.035 42.9 88 0.037 44.9 99 
10 0.032 34.0 90 0.034 39.6 93 0.034 42.6 94 
15 0.032 35.3 87 0.032 42.9 81 0.032 29.9 125 
20 0.031 41.8 71 0.031 35.3 95 0.033 50.3 77 
25 0.031 36.8 80 0.03 36.8 88 0.033 28.7 135 
30 0.032 43.5 70 0.03 44.9 72 0.032 51.3 73 
40 0.025 32.6 71 0.028 41.8 73 0.031 48.3 75 
Tween          
5 0.03 33.6 85 0.034 35.8 103 0.033 31.0 125 
15 0.027 18.8 135 0.031 32.6 103 0.03 32.9 106 
30 0.027 22.0 115 0.03 28.5 114 0.028 19.9 161 
Acetic      
acid          
2 0.02 12.4 144 0.02 14.1 155 0.023 15.1 167 
acetonitrile          
5 0.035 34.7 97 0.031 43.4 77 0.033 47.1 83 
15 0.029 28.0 98 0.026 32.1 88 0.03 27.4 127 
30 0.019 14.3 140 0.021 17.4 130 0.014 21.6 87 
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Microscopy of solvent exposed cells 
 
                    
Figure A.1: Control cells after exposure to Milli-Q water for 2 hours (magnification 8570 times). 
 
                       
Figure A.2: Cells after exposure to 2% acetic acid for 2 hours (magnification 8570 times). 
 
                        
Figure A.3: Cells after exposure to 15% acetonitrile for 2 hours (magnification 8570 times). 
 
                        
Figure A.4: Cells after exposure to 10% DMSO for 2 hours (magnification 8570 times). 
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Figure A.5: Cells after exposure to 30% DMSO for 2 hours (magnification 8570 times). 
 
 
                      
Figure A.6: Cells after exposure to 10% acetone for 2 hours (magnification 8570 times). 
 
 
                     
Figure A.7: Cells after exposure to 30% acetone for 2 hours (magnification 8570 times). 
       
 
                       
Figure A.8: Cells after exposure to 20% methanol for 2 hours (magnification 8570 times). 
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Figure A.9: Cells after exposure to 40% methanol for 2 hours (magnification 8570 times).  
 
                           
Figure A.10: Cells after exposure to 15% Tween for 2 hours (magnification 8570 times). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Post-solvent exposure growth 
Figures A.11 through A 19 are plots of the change of absorbance at 665nm and 740nm for 
Microcystis aeruginosa PCC7806 over a 17-day period after exposure to a particular solvent 
and concentration for 5,30 or 120 minutes. Each set in the bar graph plot represents an 
individual change in OD740 or ABS665 for a particular solvent and concentration (the solvent 
and its percentage in the solution are represented on the X axis). 
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Figure A.11: Growth expressed as absorbance at 665nm for cells exposed to various solvent concentrations for 
(a) and b)) 2 hours. C=control cells, M=methanol, At=acetone, acid=acetic acid and Al=acetonitrile 
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Figure A.12: Growth expressed as absorbancy at 665nm for cells exposed to various solvent concentrations for 
(a) and b)) 30 minutes. C=control cells, M=methanol, At=acetone, acid=acetic acid and Al=acetonitrile 
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Figure A.13: Growth expressed as absorbancy at 665nm for cells exposed to various solvent concentrations for 
(a) and b)) 5 minutes. C=control cells,  M=methanol, At=acetone, acid=acetic acid and Al=acetonitrile 
a b 
a b 
a b 
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Figure A.14: Growth expressed as absorbance at a) 665nm for cells exposed to various solvent concentrations 
for 2 hours and b) as absorbance at 740nm for cells exposed to various solvent concentrations for 2 hours. 
D=DMSO, T=Tween, C= control cells and M=methanol 
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Figure A.15: Growth expressed as a) absorbance at 665nm for cells exposed to various solvent concentrations 
for 30 minutes and b) as absorbance at 740nm for cells exposed to various solvent concentrations for 30 
minutes. D=DMSO, T=Tween, C= control cells and M=methanol 
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Figure A.16: Growth expressed as absorbance at 665nm for cells exposed to various solvent concentrations for 
a) 5 minutes and b) growth expressed as absorbance at 740nm for cells exposed to various solvent 
concentrations for 5 minutes. D=DMSO, T=Tween, C= control cells and M=methanol 
a b 
a b 
a b 
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Figure A.17: Growth expressed as absorbance at 740nm for cells exposed to various solvent concentrations for 
2 hours. At=acetone, acid=acetic acid and Al=acetonitrile, D=DMSO and T=Tween. 
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Figure A.18: Growth expressed as absorbance at 740nm for cells exposed to various solvent concentrations for 
30 minutes. At=acetone, acid=acetic acid and Al=acetonitrile, D=DMSO and T=Tween. 
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Figure A.19: Growth expressed as absorbancy at 740nm for cells exposed to various solvent concentrations for 
5 minutes. At=acetone, acid=acetic acid and Al=acetonitrile, D=DMSO and T=Tween 
a b 
a b 
a b 
